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Dynamic and structural studies on 
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Facultad de Matematica. Astronomia y Fisica, Universidad Nacional de Cordoba, 
Laprida 854, 5OOO-Cordoba, Argentina 

Received 9 November 1990 

Abstract. 3sCl nuclear quadrupole resonance (NOR) frequencies u0 and spin-lattice relay- 
ation times T ,  were measured between 100 and 250K in 1,2,3-trichloropropane 
(CH,ClCHCICH,CI). Three narrow lines were detected in the stable solid phase, indicating 
that only one of the six possible conformers is present. Also, the three lines were assigned 
to the three chlorine atoms in the molecule from their distinct temperature behaviours. The 
dominant mechanism responsible for the relaxation above 200K is proposed to be the 
reorientational motion of the CH2CI end groups, and activation energies of 32.5 and 
49.0 kJ mol-' are determined for the two end groups. The 'H nuclear magnetic resonance 
lineshapef(H) shows a structure due to the dipolar interaction between the protons of the 
CH2CI groups. From the analysis off(H) a distance dHH = 1.68 8. is'obtained, which turns 
out to be quite close to that already determined in solid dichloroethane. Fast cooling of the 
sample from the liquid state produces very broad NOR signals. The results of differen- 
tial thermal analysis seem to indicate the existence of a glassy state with a characteristic 
Tg = 144 K. 

1. Introduction 

1,2,3-trichloropropane (TCP) belongs to the family of halogenated propanes, and has 
previously been investigated by means of vibrational spectroscopy ( T h o r b j m "  eta1 
1973, Gustavsen eta1 1978) and gaseous electron diffraction (Farup and StQlevik 1974). 
The 1,2,3-trihalopropanes with identical halogens have six possible staggered con- 
formations. They are named A (anfi)  and G (gauche) according to the position of the 
vicinal halogens (Thorbj01nsrud er a1 1973). Of these theoretical conformers, three have 
been detected in TCP in the vapour phase (Farup and Stelevik 1974) with relative 
concentrations of 68%, 28% and 4% for AG-,  AG,  and G+G-, respectively, and they 
are shown in figure 1. Spectroscopic studies (Thorbj~rnsrud el a1 1973) verified the 
existenceoftheseconformersin the liquidat room temperature, but onlyone waspresent 
in the low-temperature and high-pressure crystals. Though the abundant conformers of 
TCP could not be identified by vibrational spectroscopy, it was concluded that the most 
abundant conformer of the vapour also dominates in the liquid, and that it is the only 
one that remains in the crystal. 
Since nuclear quadrupole resonance (NQR) is a very useful technique for studying 

static and dynamic properties of solids, we have measured v&') and T,(T) to examine 
t Fellow of CONICET. 
t Holder of a fellowship of CONICET. 

0953-8984/91/142287 + 12 $03,500 1991 IOP Publishing Ltd 2287 



2288 M J Zuriaga et a1 

AG+(28%1 G.4 ( 4 % )  

Figure1.ThercPconformerspresentin theliquidstate.Thenumbersinparentheses,which 
indicate the relativeabundancesat 330 K.and thenotationaretakenfromFarupandSt0levik 
(1974). 

the possibility of the existence of more than one conformer, and as well as to study the 
motion of the CHZCI end groups. The 'H nuclear magnetic resonance (NMR) lineshape 
was analysed to obtain information about the CHzCI structure and to compare it with 
data obtained by other techniques. 

Furthermore, it is known that many straight-chain organic compounds are capable 
of existing in more than one form in the solid state, depending not only upon the 
compound itself but also upon its previous thermal history, as has beenobservedin some 
n-alkyl bromides (Kushner et al 1950, Crowe and Smyth 1950). Differential thermal 
analysis (DTA) traces were recorded and, depending upon the thermal history, glass-like 
transitions are detected. 

2. Experimental details 

ATCPliquid sample. provided by Fluka (catalogue number91380), wasusedasreceived. 
High-resolution NMR spectra show that impurities of CH, and CH, were less than 1%. 
The sample was sealed into a glass bottle under vacuum. 

The - ' T I  NQR frequencies were measured by means of a super-regenerative type 
spectrometer with an uncertainty of about 500 Hz. The spin-lattice relaxation times 
were measured by means of a fast Fourier transform (FFT) pulsed spectrometer with 
an overall error of 5% using the z/2-z-z/2 pulse sequence. Copper-constantan 
thermocouples were used for the control and measurements of temperature, and the 
latter was determined with an accuracy of 0.25 K. NMR lineshapes were measured with 
a continuous-wave Robinson-type spectrometer. The DTA traces were determined with 
a home-made apparatus (Martin 1982). 

3. Difterential thermal analysis 

3.1. Results 
At this point we describe the DTA results prior to more detailed investigations. DTA 
experiments were carried out on a specimen that was cooled down to about liquid- 
nitrogen temperature in two different ways: (i) slow cooling at a rate of 0.25 K min-', 
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Figure 2. The DrA traces for TCP: (a ) ,  (5) and (c) correspond to different thermal histories, 
asexplainedin the text. 

and (ii) rapid cooling from the liquid state at room temperature down to 77 K by plunging 
the specimen into liquid nitrogen. 

The DTA traces, on heating, are shown in figure 2. It is found that no solid-solid phase 
transitions occur in the slowly cooled sample; only an endothermic peak due to melting 
appears at T,,, = 259 K (figure 2(a)). In the rapidly cooled specimen several anomalies 
appear in the range from 140 to 195 K (figure 2(b)). 

It should be noted that these anomalies only appear when the sample is quenched 
down to liquid-nitrogen temperature. If the fast-cooled sample is heated to 190 K and 
then cooled down again, it is seen that only the anomalies near 190 K remain (figure 

3.2. Discussion 

At about 140 K, in the fast-cooled specimen, a change in ATappears, as if some type of 
transitionis beginning to take place. About 155 K thespecimen undergoesaspontaneous 
change with evolution of heat. It is evident that by rapid cooling an unstable form may 
be frozen-in; and not until the temperature rises does this form change over to the more 
stable one. 

These phenomena may be compared with that which occurs in some glasses. 
Supercooled liquids, at low enough temperatures, almost invariably exhibit a pseudo- 
second-order thermodynamic transition, which is commonly known as the ‘glass tran- 
sition’. We may then say that TCP is a glass-forming liquid, Like other common organic 
liquids (Adam and Gibbs 1965, Angel1 eta1 1978). 

On fast cooling, TCP forms a glass at low temperatures. On warming, the usual glass 
transformation begins to take place, but a temperature is soon reached where the 
crystallization is spontaneous. This behaviour is quite similar to that occurring in i-butyl 
bromide (Baker and Smith 1939), n-amyl bromide (Kushner et al 1950) and some 
polymers (Cheng and Wunderlich 1988). A glass temperature T, = 144 K was deter- 
mined from the DTA traces by the usual methods (Pope and Judd 1980). 

The analysis of the DTA traces for the fast-cooled specimen (figure 2(b))  reveals the 
existence of two double-peaked exothermic processes, as well as an endothermic one. 

Z W ) .  
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Figure 3. Temperature dependence of the three "CI NOK frequencies detected in TCP in the 
slowly cooled sample. The full curve corresponds to the values produced with equation ( l a )  
wilh tht  parameters shown in table 1. The difference between the fit and the data values is 
smaller than 700 H2. 

The endotherm step at 144 K corresponds to the glass transition. The first sharp exo- 
thermic peak at 160 K corresponds to the spontaneous crystallization. This exotherm 
shows a double-peaked structure, which is probably due to the presence of impurities in 
the sample (Cervinka and Hruky 1982). The second double exothermic peak could be 
associated with the passage from the relative abundance of the conformers in the liquid 
state to that in the solid stable phase. However, this double peak is not well understood, 
because its position is quite sensitive to the heating and coolingrates. We have obtained 
three sets of values for their temperatures: 185-192 and 182-190 K i n  two runs (figure 
2(b) is one of them) and a broad peak at 191 K with a shoulder at 185 K in the case in 
figure 2(c). This is not the case for the other transition temperatures. 

4. Nuclear quadrupole resonance frequency 

4.1. Results 

The NQR spectrum exhibits three lines, of the same intensity, whose tempcrature depcn- 
dences ( y o  versus 7') were measured in the range 100-250 K; the data are depicted in 
figure 3. These lines are referred to as 53.. > uB > uyr on the low-temperature side. 
Although the melting point is 259 K, they broadened beyond detection above 250 K. 
These three lines were only detected in the slowly cooled sample. In the rapidly cooled 
sample, no signals were detected below 160 K, therefore indicating that the sample is 
not in a crystalline form (glassy state). Above the first exothermic peak, broad NQR 
signals (Sv > 20 kHz) were observed at roughly the same frequencies as those in the 
slowly cooled sample. 

For all the possible conformers (figure 1) the three chlorine atoms are chemically 
inequivalent, leading to three different NQR frequencies, as is observed. The existence 
of only three equally intense linesof width Su = 2.5 kHzconfirms the conclusion, based 
on far-infrared and Raman spectroscopy, that only one conformer is present in the 
crystalline stable form (AG-)  (Thorbjernsrud er nl 1973), since it is well known 
that orientational type of disorder produces broad NQR signals in crystalline samples 
(Rubinstein and Taylor 1974). 

It may be seen in figure 4 that ue versus Tand uY versus Tare essentially parallel, 
i.e. their temperature derivatives are almost equal (= -2.9 k H z  K'I) for all of the 
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Figure 4. Temperature dependences of the differences among the three NOR frequencies 
depicted in figure 3 (a )  AV = va - v7, (b )  AV = vB - vP,  (c)  AV = Y. - vR. The full curve 
corresponds to the values produced by equation (3) with the parameters shown in table 2. 
The difference between the fit and the data values i s  smaller than 1 kHz. 

temperature range; and that the derivative for vsissmaller (= -2.0 kHz K-') than those 
for U* and uy. The U, and us lines cross each other around 224.5 K. 

4.2. Discussion 
The temperature dependences of the resonance frquencies may be accounted for by the 
Bayer-Kushida theory (Kushida et a1 1956). The temperature dependence of uo(T) is 
primarily due to the librational motions of the molecule as a rigid body. The intra- 
molecular vibrations are not so effective in averaging the electric field gradient (EFG), 
but in this case some additional vibrational modes involving the CH,CI groups must be 
taken into consideration to explain why the temperature coefficients in U, and vB are 
larger than that in uY. Among such additional modes the most dominant contribution 
comes from the internal out-of-plane torsional mode of the CH2Cl groups about the 
C-C axes. The frequencies of the torsional modes are lower than those associated with 
the other internal modes (Thorbjeirnsrud eta1 1973); therefore these modes will be more 
effective in averaging the EFG. 

As mentioned above, the conformation adopted by the molecules in the stable solid 
state is denoted by AG- and shown in figure 1. From the uo versus Tbehaviour it isclear 
that  corresponds to Cl(2), the one attached to the central C(2) as shown in figure 1; 
also, v, and vy  are associated with either Cl(1) or Cl(3). 

The behaviour of uo( 7') may be described to a good approximation by the following 
expressions: 

O b )  U = =  u , , { l - - [ [ - - c o t h ( ~ ~ )  36 A, +:coth(Fi)]] 
Snc w, 
3R A, 

U = U yo { 1 - - Snc [ - we coth (s) + coth (%)I]. (IC) 

Here the uio are the rigid lattice NQR frequencies, we and w, are the effective librational 
and torsional frequencies (Kushida et a1 1956) (in cm-') respectively, and A ,  and A,  are 
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Table 1. Valuer obtained for the parameten by finingequation (la) to the frequency data, 

cog (cm-‘) 76.9 

PP ( k W  34913.0 
I;,: (amu Az)- ‘  

6% W’) 7.44 x 10-4 

6.37 x IO-’ 

Tsble2.Vaiuerobtainedfortheparametersbyfittingequation (3) to the frequency difference 
data. 

the inverse of the effective moments of inertia for the corresponding normal modes 
defined as 

where 1; is the ith principal moment of inertia of the molecule, mi is the angle between 
the ith principal axis of inertia and the C-CI bonds (Hasting and Oja 1972) and Z,o,s is 
the reduced moment of inertia of the CH&I group; cis the speed of light (in cm s-l) 
while h,  ii and k, have their standard meanings. 

Following Brown’s suggestion (Brown 1960) we assumed that in the quasi-harmonic 
approximation w, = we0(l - g,T). Fitting equation (la) to the up data, the values for 
the parameters cod), ge, vp0 and A, are deduced, and these are shown in table 1. 

Assuming that the contributions of the librations are equal for U*, up and uy,  we can 
deduce the excess temperature coefficient of ua and uY lines, which may be interpreted 
as arising from the internal out-of-plane torsional mode. Then from equations (IQ) and 
(IC) 

A similar expression holds for the difference between U. and u p  A temperature- 
dependent term on the right-hand side of equation (3) has been neglected because it is 
Auo/voy times smaller than the second term on the right-hand side of equation (3). 

Fitting the data by means of equation (3), the parameters shown in table 2 are 
obtained. Making the same fit with the u m  - up difference, unreliable values for the 
parameters are obtained. A possible explanation of this fact is given below. 

The values shown in tables 1 and 2 provide an excellent description of the uQ versus 
Tdata. asmay beseeninfigures2and3. The two CHzCI torsional frequencies(Gustavsen 
etal1978) in the AG- conformer are 80 and 152 cm-’, yielding an average value (defined 
byZ~riagaandMartin(1986)aso;~ = WIZt  w i z )  ofo,  = lOOcm-’,avalueverycIose 
to that determined from these analyses, as shown in table2. Infrared and Raman spectra 
show four low-frequency bands in solid TCP (Thorbjm”d ef ~l 1973) at 156, 135.93 
and 75 cm-’, which are tentatively attributed to torsional modes, noting that some of 
them could be connected with external modes. As the lowest frequency detected is 
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75 cm-l and the effective librational frequency determined by equation (1) is 77 cm-', 
some librations must lie below 70 cm-'. The temperature coefficient g, has a typical 
value for molecular crystals. 

The torsional moment of inertia determined by means of equation (3) is quite similar 
to the geometrical valuel,, = 80.9 amu AZ; however, the value determined for A, tums 
out to be =40% larger than that calculated for CI(2) by using the structural data (Farup 
and Stdevik 1974); this is due to the fact that not all C-CI bending modes are accounted 
for in equation ( la) .  

4.70 x and 6.03 x amu-l for the chlorines situated at positions 1 ,2  and 
3, respectively. Equations (1) and (3) and the similar one for - vp are based on the 
hypothesis that the average contribution of all the librational modes is the same for the 
three uQ,i.e. thereisonlyonevalueforA,. However,onthe basisoftheabovecalculated 
valuesforA,itturnsoutthatonlyu, - vpversusTor uy - vpversusTwillbeadequately 
described by an equation similar to equation (3). In fact, as was mentioned above, a set 
of meaningful parameters is determined when fitting uY - vpversus Twith equation (3), 
while that is not the case when one attempts to fit v, - up versus Twith an equation 
similar to equation (3). These analyses allow us to produce an assignment as to what CI 
atoms are associated with the three lines of the NQR spectrum, namely Cl(1) to U,,, Cl(2) 
to vp and Cl(3) to v,. Additionally, these analyses provide further support for the 
approximations leading to equations (1) and (3). 

The A ,  values calculated from equation (2) using the structural data are 4.78 x 

5. Spin-lattice relaxation time 

5.1. Results 

Thespin-latticerelaxationtime T l  wasmeasuredfrom85 to250 Kforall three resonance 
lines, and the results are shown in figure 5. Two well defined temperature regions may 
be distinguished, for all three lines. Below200 K,  T I  behaves normally, indicating that 
the dominant relaxation mechanism is that due to the anharmonicities of the lattice 
normal modes of vibration, mainly those of the librational modes. Above that tempera- 
ture, adramaticshorteningof T I  occurs, indicating the onset of a veryefficient thermally 
activated process. 

- .. 
2 20 +- 

lo 

5 

90 1% 130 1% no 190 210 no 
1 IKI 

Figure 5. Temperature dependences of the spin-lattice relaxation times for the three "Cl 
NOR lines detected in TCP (0, A and 0 correspond to Y., v p  and Y" respeclively). The full 
curves indicate the values generated by using equation (4) with the values given in table 3. 
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Table 3. Values obtained for the parameters by fitting equation (4) to the T, versus Tdata. 
The assignation made is also indicated. 

a E. 
Line Assignment (IO-'s-') A (kl mol-') 

It must be pointed out that U@ and vP lines began to overlap with each other about 
5 K below their crossing temperature (224.5 K). Therefore, in this temperature range. 
the cross-relaxation process between these lines works so as to shorten their relaxation 
time (Abragam 1970, p 154, Bloembergen eta1 1959), as may be observed in figure 5. 

5.2. Discussion 

The relaxation time for all three lines may be described, except in the neighbourhood 
of the ue and up crossing temperature, as 

(4) T-l - - aTA + b exp(E$RT). 

The first term on the right-hand side of equation (4) represents the contribution from 
lattice vibrations (Chihara and Nakamura 1981) and the second term corresponds to a 
molecular reorientational process (Alexander and Tzalmona 1965) having activation 
energy E.. The best-fit parameters A and E, were determined by using non-linear least- 
squares methods and are shown in table 3. The A values are very similar for the three 
lines, as expected from the relaxation mechanism driven by lattice vibrations (Chihara 
and Nakamura 1981). 

Since the activationenergies E,are sodifferent, the thermally activatedprocess must 
be associated with the stochastic reorientations of the CH,CI end groups rather than 
those of the molecule as a whole. Reorientations of the CH2Cl groups between asym- 
metric double-minimum potential wells separated from each other by 120"are possible, 
giving rise to the conformers AG, and G+G- shown in figure 1. 

According to the strong collision theory (Alexander and Tzalmona 1965) the time 
evolution of the nuclear polarization Pi ( i  = 1, 2) at site i of the double-minimum 
potential isgiven by 

where (P') is the equilibrium polarization, and cil, ca,, TI and T;' are functions of the 
jump angle and the transition probabilities from the equilibrium site to the metastable 
site (wiai) and the opposite one (wi;.). The following relations 

rF1 = wiSi = sol exp(-E/RT) 
hold, with AE the energy difference between the two minima and E being the barrier 
height. In the case that w * , . 4  wifi then only the first term on the right-hand side of 
equation (5) remains and 1/Ti = Br;' + 0 ( w & / w j r ) ,  corresponding to thesecond term 
on the right side of equation (4). In this case only the height of the barrier E ,  and not 
the pcltential difference between the two minima, may be determined. 

As wecansee in figure 1, a 120"rotationof the CH2C1(3)group in the AG- conformer 
about the axis C(2)-C(3) leads to the AG, conformer, and a similar rotation of the 

Pi - ( P ' )  = cil exp( -(/TI) + c;,, exp(-t/Tf') ( 5 )  

w;;. = wisi exp(AE/RT) and 
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. .  
Figure 6. Time behaviour of the magnetization after a q'2-E-42 pulse sequence. The full 
circlescorrespond to the U. line at 216.5 K. and the crosses correspond to the Y.  and vB lines 
at 225.4 K. 

CH,CI(l) to the G+G_ one. Since G+G_ is energetically less favourable than the AG, 
configuration, it is reasonable to expect that the activation energy for the reorientation 
of the CH2C1(3) group will turn out to be smaller than that for the CH2Cl(1) group. 
These analyses are in excellent agreement with the results shown in table 3, also bringing 
additional support to the assignment based upon the analysis of vQ versus T. 

The Cl(2) nucleus experiences EFG fluctuations resulting from the reorientations of 
the two nearby C H Q  groups, therefore providing an additional relaxation mechanism 
(TlmOd). The expression for Tlmdmay beobtainedfrom Woessnerand Wutowsky (1963). 
The evaluation of the correlation functions of the components of the EFG tensor, V,, 
(-2 S ,U S 2), must be done bearing in mind that the EFG fluctuations are due to 
the reorientations of the two nearby CH,CI groups between the asymmetric double- 
minimum potential wells. Thus, 

where Q is the scalar quadrupole moment of the CI nucleus, e is the proton charge, oo 
is the NQR resonance frequency of the Cl(2) nucleus and AVp indicates the difference in 
the components of the EFG (V,) at the Cl(2) site due to the reorientations of the CH,CI 
groups between the two minima. In the slow-motion limit the above equation becomes 

This equation leads to the exponential behaviour shown in equation (3). Actually, Tlmod 
includes two terms like equation (6), owing to the fact that the modulations of the EFG 
are produced by the reorientation of both CH,CI groups, each of them with different 
E.. TheE,obtained forCl(2) isequal to that corresponding toCI(3), thereforeindicating 
that the EFG at the Cl(2) site is more heavily affected by the reorientations of the CHzCl 
group at the gauche (G) position than by that at the anti (A)  position. 

It is observed from figure 5 that near 225 K the spin-lattice relaxation times for v e  
and v B  look smaller than those that should correspond to this temperature. Since the 
crossing of v,and vSlines occurs at 224.5 K, this decreasing of thespin-lattice relaxation 
times must be associated with a cross-relaxation mechanism between the two spin 
systems. When the cross-relaxation is present, the time evolution of the nuclear polar- 
ization is described by a more complex functional form than that of a single exponential, 
as may be seen in figure 6. As a matter of fact, the evolution of the nuclear polarization 
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Figure 7. Proton absorption lineshape (a) and its first derivative ( b )  a1 
broken curve corresponds to the values determined using equation (9) 
the pardmetersgiven in the text. 

17 K in 
th the 

The 
:s for 

is described by a double exponential similar to that given by equation (5), and the 
measured relaxation times (l/Tl) do not correspond to the spin-lattice relaxation 
times. The relationship among the various quantities involved is given by the following 
expression (Bloembergen et all959) 

[ (Tr ) - '  + 7.;' - Ti'][(Tf7 + T;' - Ti'] - T;z = 0 (7) 
where Tp and Tf are the spin-lattice relaxation times of each spin system (Cl(2) and 
Cl(3)). and T, is thecross-relaxation time for both spinsystems. The measured relaxation 
times turn out to be smaller than the respective spin-lattice relaxation times. 

When U, = up the cross-relaxation time takes its smaller value (Bloembergen et ai 
1959), and in this case it is possible to find a rough value for T, by interpolating values 
of Tr and T f  at the crossing temperature. In this form the value of =55 ms is deduced 
for T,. 

The NQR lineshapes are generally well described by Lorentzian functional forms and 
this is assumed to be the case for the U, and up tines. The expression for T, at the crossing 
temperature is (Bloembergen et a1 1959) 

where y is the gyromagnetic ratio of the CI nucleus, A U ~  and Aup are the linewidths, 
and e,, and rv are the angle with respect to the z axis and the modulus of the vector 
connecting Cl(2) and C1(3), respectively. Since the crystalline structure is not available, 
only an upper limit for T, may be obtained by using equation (8) with r,, = 
3.39 p\, i.e. the intramolecular C1(2)-C1(3) distance. Therefore a value of =200 ms is 
deduced for Tc, which by consideration of the various approximations involved may be 
taken as a reasonable upper limit for the value of 55 ms deduced from the experimental 
data, indicating the correctness of the proposed mechanism for T,. 
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6. 'H nudear magnetic resonance lineshape 

In figure 7 are shown themeasured proton absorption lineshape,f(H), andits derivative, 
af(H)/dH,at 147 K. Thederivativeaf/aHexhibitstwopairsofpeaks, while forasimple 
absorption line the derivative has only one pair of peaks. This situation arises when the 
nuclear spins in solids form small groups within which the spin separations are distinctly 
smaller than those between neighbouring groups. Since the dipolddipole interaction 
decreases rapidly with distance, to a first approximation one may consider such a group 
as an isolated system (Abragam 197013221). The resonance lineof suchasystemexhibits 
a fine structure broadened by the influence of the spins belonging to neighbouring 
groups. In a TCP molecule two such groups may clearly be distinguished: the central 
group CHC1(2), and the two end groups CH,Cl(l) and CH,C1(3). In these last groups 
theshortest H-Hdistance is (Farupand St~ilevik 1974) 1.84 &,(i.e. the H-Hintra-group 
distance), while the distance from the H in the central CHCl(2) group to the nearest H 
in the end groups is larger than 2.5 8,. Therefore, the absorption line could be described 
as the superposition of two Pake doublets (those due to CH,CI(l) and CH,C1(3)) and a 
single line (due to CHC1(2)), i.e. 

f(AH) = 2 1- F(Ho)S(AH - H,) dH, + (2~$3:)-l'~ exp(-AHZ/2P:). (9) 
-o/ 

Here F(Ho) is the theoretical lineshape of the doublet in a polycrystalline sample, and 
S ( H )  represents the dipolar broadening produced by the rest of the lattice and is 
describable by a Gaussian of width P. The second termon the right-hand side of equation 
(9) represents the contribution of the H(2) protons. 

By fitting the experimental lineshape with e uation (9) three parameters were 

than that determined from electron diffraction in gaseous TCP (d = 1.84 A), but is quite 
close to the value 1.70 8, determined for the protons of the CHZCI group in solid 
dichloroethane (Abragam 1970 p 221). This means that the 13-H distances determined 
in Angel1 and Rao (1972) are not correct or that in the solid phase the angle HCH is 
reduced from 108.2" to 95.5" owing to interactions between CHZCI groups and the 
neighbouring molecules. 

obtained:P = 1.60G,P1 = 1.97GanddHH = 1.68 1. Thevalueofd,,israthersmaller 

7. Concluding remarks 

By means of the analyses of the NQR parameters we have confirmed that only one 
conformer Of TCP is present in the solid, when this is obtained by slow cooling from the 
liquid, and that stochastic reorientations of the end groups begin to take place when the 
temperature rises. These reorientations are proposed to occur about the C(2)-C(3) and 
C(1)<(3) axes, therefore producing transitions from the more stable conformer AG- 
to the less stable ones AC,  and G+G-, respectively. The assignment of the NQR l i e s  to 
the three Cl atoms was made, and the temperature dependence of vo well explained by 
the Bayer model. The DTA and NQR results seem to indicate that TCP is a glass-forming 
liquid. FurtherDTAandNQRstudieswillallowa better understandingofthisglassystate. 
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