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14N nuclear quadrupole resonance study of the structural 
phase transition in phenothiazine 
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J Stefan Instilute, University of Ljubljana, Ljubljana, Slovenia 

Received 18 February 1994 

Abstract 14N nuclear quadrupole resonance frequencies have been measured in both the low- 
temperature and the high-temperature phase of phenothiazine by a IH-l4N nuclear quahpole 
double-resonance technique The proton spin-lattice rehation time was measured in both 
crystallogaphic phases as well. The NQR data show the presence of large the& librations 
of the phenothiazine molecules in both crystallogaphic phases. The NQR data are consistent 
with an order-disorder phase transition associated with the reorientations of the phenothiazine 
molecules around the orthorhombic b axis. The reorientation angle is at T, equal to 9 f 2'. 
The long proton spin-lanice relaxation times above and below Tc seem b rule out any large 
hanslation or buttemy motions associated with the phase transition. 

1. Introduction 

Tricyclic aromatic non-planar molecules of phenothiazine ( C I ~ H ~ S N )  form molecular 
crystals which under atmospheric pressure undergo structural phase transitions at C = 
251 K. The high-temperature phase is orthorhombic with the space group Pbnm [ I ]  whereas 
the ferroelastic low-temperature phase is monoclinic with the space group P21 f n  [2]. X-ray 
[2 ] ,  Brillouin scattering [3] and proton magnetic relaxation [4] experiments suggest that the 
ferroelastic phase transition is of the order-dismder type. However, the entropy of transition 
is so small that this phase transition may not be a pure order-disorder phase transition [5] .  
Sircar et a6 [6] measured the proton NMR spectra and they observed large changes in the 
proton second moment between 220 and 320 K suggesting large reorientational motion of 
phenothiazine molecules. Criado and Luty [7] proposed a mechanism of the phase transition 
where the thermal motion molecular probability distribution of the low-temperature ordered 
phase broadens as the temperature rises, turning to a two-site double-peaked distribution at 
the phase transition. 

The microscopic mechanism of the ferroelastic phase transition in phenothiazine is not 
yet completely understood. We therefore decided to perform the I4N nuclear quadrupole 
resonance (NQR) measurements both in the high-temperature orthorhombic phase and in the 
low-temperature monoclinic phase of phenothiazine. We believed that the NQR data which 
in the case of phenothiazine reflect the local properties of the phenothiazine molecules 
may contribute to the understanding of the microscopic mechanism of the phase transition. 
The temperature dependence of the proton spin-lattice relaxation time was measured in 
phenothiazine for the same reason. 
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2. Experimental details 

A polycrystalline sample of phenothiazine was purchased from the Sigma Chemical Co. in 
the form of a pale-yellow powder. The sample was recrystallized once from methanol. Small 
crystals in the form of pale-yellow platelets were obtained. The NMR and NQR measurements 
were performed both on the original substance and on the recrystallized substance. 

The proton spin-lattice relaxation time TI was measured at the Larmor frequency UL 
equal to 32 MHz with the sequence saturation-time-90" pulse-acquisition. The accuracy 
of the measurements was estimated as being &5%. 

I4N has a spin I = 1. It has thus three nuclear quadrupole energy levels in zero magnetic 
field with the energies 
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Here e Q  is the nuclear quadrupole moment. VZZ is the largest principal value of the electric- 
field-gradient (EFG) tensor at the nitrogen site and q is the asymmetry parameter of the 
EFC tensor. The EFG tensor is a symmetric second-rank tensor composed of the second 
derivatives a2V(axiaxj) of the electrostatic potential V with respect to the coordinates. 
It has three principal values VXX, Vry and VZZ which are ordered in the foUowing way: 
IVxxl < IVyyl < IVzzl. The asymmetry parameter of the EFG tensor is defined as the 
ratio q = (VXX - Vyy)/Vzz. It ranges between zero and one. 

The NQR measurements give three resonance frequencies 

which depend on the quadrupole coupling constant eQVzz/k  and on the asymmetry 
parameter q of the EFG tensor. 

The I4N NQR frequencies were measured with a highly sensitive 'H-I4N nuclear 
quadrupole double-resonance technique based on magnetic field cycling and two-frequency 
irradiation [8-lo]. 

A magnetic field cycle consists of the following steps. The proton spin system is first 
polarized in a high static magnetic field Bo. Then the static magnetic field is adiabatically 
reduced to a low value B for a time r. After the demagnetization is completed, the proton 
magnetization relaxes towards the new equilibrium value which is smaller by a factor BIB0 
than the equilibrium proton magnetization in the high magnetic field BO. After the time r 
the static magnetic field is adiabatically increased to the initial value BO, and the proton NMR 
signal following a 90" pulse is measured. It is proportional to the proton magnetization and 
decreases with increasing r approximately as exp[-t/T,(B)]. Here TI@) is the proton 
spin-lattice relaxation time in the low magnetic field B.  

In the first part of the experiment the time 't was chosen as being 1 s and, when the 
sample was in a zero magnetic field, it was subjected to a RF magnetic field which performed 
multiple frequency sweeps. The lower limit U] = 2.5 MHz and the upper limit vu = 4 MHz, 
of the frequency sweeps were chosen in such a way that they covered the frequency range in 
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which the upper two I4N NQR frequencies U+ and U- are expected to be found. The duration 
of a single frequency sweep was set to 10 ms and the amplitude of the RF magnetic field was 
equal to approximately 1.5 mT. The magnetic field cycles were repeated at different values 
of the low static magnetic Field B whereas all other parameters of the magnetic field cycle 
and of the RF irradiation were kept constant. The step in B between two repetitive magnetic 
field cycles was set to 0.25 mT. At resonance, i.e. when the proton Lannor frequency 
UH = mB/2n in the low magnetic field B was equal to the lowest I4N NQR frequency 
WO, we observed a smaller proton NMR signal than off resonance. In this case therefore 
the frequency sweeps of the RF magnetic field cause multiple excitations of the two I4N 
NQR transitions with the frequencies U+ and U-. These excitations are similar to a fast 
spin-lattice relaxation of nitrogen atoms. Owing to the resonant coupling of protons and 
nitrogen atoms at WH = WO the relaxation time of proton is also shortened, which results in 
a smaller proton NMR signal at the end of the magnetic field cycle. In this way the lowest 
I4N NQR frequency WO was roughly determined and B was set to the resonance condition 

In the second part of the experiment the two upper I4N NQR frequencies U+ and U- 
were determined by varying the limits of the frequency sweeps. The additional relaxation 
of protons via nitrogen atoms is therefore observed only when the frequency sweeps cover 
both U+ and U-. When they cover only one of the two frequencies, a quasi-equilibrium 
population of the nitrogen energy levels is established after a few hquency sweeps. Later 
the frequency sweeps no longer influence the time evolution of the populations of the proton 
and nitrogen energy levels. 

Finally the two upper I4N NQR frequencies were precisely determined by two-frequency 
irradiation. The frequency of the first of the two RF magnetic fields was fixed closed to a 
NQR frequency, say U-, and the frequency range around the highest I4N NQR frequency U+ 
was scanned by the second RF magnetic field. The largest drop in the proton NMR signal 
at the end of the magnetic field cycle was observed when the frequency of the second RF 
magnetic field was equal to U+. Then the frequency of the first RF magnetic field was fixed 
at U+ and the frequency range around the intermediate I4N NQR frequency U- was scanned 
by the second RF magnetic field. In this way the two upper I4N NQR frequencies U+ and 
U- were determined with an accuracy of & I  kHz. 

WH = UO. 

3. Results and discussion 

The temperature dependences of the I4N NQR frequencies U+ and U- are shown in figure 1. 
The corresponding quadrupole coupling constant and asymmetry parameter are shown as 
functions of temperature in figure 2. As is clearly seen, both the quadrupole coupling 
constant and the asymmetry parameter q exhibit strong temperature variations. This is 
presumably the effect of large thermal librations of the phenothiazine molecules. 

The quadrupole coupling constant is at room temperature equal to 4189 & 2 kHz and 
within the experimental resolution it continuously increases with decreasing temperature. 
At -125OC it reaches the value of 4233 2 kHz. No change either in the value or in 
the slope in the temperature dependence of the quadrupole coupling constant is observed 
at the phase transition temperature. Thus within the experimental resolution the quadrupole 
coupling constant is not affected by the phase transition. 

The asymmetry parameter 9. which at room temperature is equal to 0.2261 f 0.0005, 
first decreases with decreasing temperature and reaches a value of 0.2250 f 0.0005 close 
to the phase transition temperature. Just below T, we observed an asymmetry parameter of 
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Figum 1. Tempemure dependences of the "N NQR Figure 2 Tempmure dependences of the I'N 
frequencies U+ and U- in phenothiazine. quadrupole coupling consfant eQV,,lh and the asym- 

metry p m e t e r  q in phenothiazine. 

0.2278 f 0.0005. The temperature resolution of our measurements was not high enough to 
see whether this jump is continuous or discontinuous but other experiments show that the 
phase transition is of the first order. Thus the jump must be discontinuous. Below the 
asymmetry parameter q again decreases with decreasing temperature and reaches the value 
0.2264 f 0.0005 at -125 "C. 

The present values of the quadrupole coupling constant and asymmetry parameter are 
close to the quadrupole coupling constant eQV,,/h = 4240 f 30 lcHz and the asymmetry 
parameter q = 0.226 f 0,009, as measured at 77 K by a double-resonance technique [ 111. 
However, the sensitivity and resolution of the experimental technique at present used are 
much higher than the sensitivity and resolution of the double-resonance technique used in 
the previous measurement. 

In phenothiazine we may safely assume that the EFG tensor at the nitrogen site is mainly 
determined by the electric charge distribution within the three covalent bonds (two C-N 
and one N-H) formed by a nitrogen atom. Each bond contributes an axially symmetric EFC 
tensor with the symmetry axis along the bond direction. The contribution of the N-H bond 
is not very different from the contribution of a C-N bond. This may be claimed on the 
basis of the comparison of the 14N NQR data from nitrogen atoms surrounded by three C-N 
bonds, from other C-NH-C groups, from C-NH2 groups, from GNH:-C ions and from 
C-NH: ions. 

If a phenothiazine molecule is planar, then the principal axis 2 of the EFG tensor at the 
nitrogen site would be perpendicular to the molecular plane: one of the other two principal 
axes (X or Y) would be peqxndicular to the molecular plane which passes through both the 
S and the N atoms and is perpendicular to the plane of the molecule. The third principal 
axis would in this case be along the S-N axis. 

In a phenothiazine crystal the molecules are not planar, but they are folded along the ' 
S-N axes. The fold angle is 158.5". The symmetry element which is left is the molecular 
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minor plane. Thus one of the principal axes of the EFG tensor at the nitrogen site is 
perpendicular to the mirror plane. The '2-N and N-H bonds surrounding a nitrogen atom 
are directed in such a way that the principal axis Z of the EFG tensor at the nitrogen site 
lies in the molecular mirror plane and is nearly perpendicular to the S-H axis. The third 
principal axis of the EFG tensor is nearly parallel to the S-H axis. Thus the principal axis 
Z of the EFG tensor is nearly parallel to the orthorhombic axis b of the crystal. 

The NQR data show that the quadrupole coupling constant passes through the phase 
transition nearly continuously whereas the two smaller principal values of the EFG tensor 
change. This is only consistent with a reorientation of a molecule around the principal axis 
Z of the EPG tensor. If we assume that above Tc a molecular reorients around the principal 
axis 2 between two equivalent equilibrium orientations separated by an angle 9 (figure 3), 
then VZZ does not change whereas the principal values V, and VYy of the time-averaged 
EFG tensor are expressed as 

and the asymmetry parameter of the EFG tensor changes to 

q = qo cos 9. (4) 

Here 70 is the asymmetry parameter of the EFG tensor at the nitrogen site for a static 
molecule and q is the asymmetry parameter of the time-averaged EFG tensor. 
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Figure 3. Approximate directions of the principal axes 
of the m tensor at the nitrogen site and the proposed 
disorder in phenothiazine. 

Figure 4. Temperature dependence of the proton 
spin-lattice relaxation time in an original sample of 
phenothiazine (A) and in a sample of phenothiazine 
once recrystallized from methanol (e). 

In phenothiazine the molecules are not static below Tc. The strong temperature 
dependences of the quadrupole coupling constant and of the asymmetry parameter q suggest 
that the molecules undergo thermal librations. Nevertheless there is a step in q at T,. If we 
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assume that the thermal librations are independent of the reorientations associated with the 
phase transition, we may use in equation (4) the value of 0.2278 for 70 and the value of 
0.225 for 7 and calculate the reorientational angle Q. As a result we obtain @ = 9 =k 2", 
a rcsult which is in good agreement with the angle 8" obtained from the optical extinction 
measurements close tn Tc [SI. Positional disorder of the molecules as suggested on the 
basis of the x-ray data [2] is, however, still possible. It therefore has no influence on the 
NQR frequencies. Thus the reorientations of the phenothiazine molecules may in principle 
be associated with their displacements. 

The I4N NQR data also exclude the possibility of the butterfly motion of the phenothiazine 
molecules associated with the phase transition. In this case therefore the molecular mirror 
plane persists and the principal value of the EFG tensor which is perpendicular to the 
molecular mirror plane (VXX or Vyv) does not change. The NQR experiment shows that 
both V X X  and Vyy change, which excludes the butterfly updown motion as the motion 
associated with the phase transition. 

The temperaturc dependence of the 'H spin-lattice relaxation time is shown in figure 4. 
In the original substance it is equal to 1500 s at room temperature and it continuously 
increases with decreasing temperature. At -100°C. TI reaches the value of 2100 s. 
No change in TI is observed at the phase transition within the experimental resolution 
(f5%). In the substance once recrystallized *om methanol the spin-lattice relaxation time 
is significantly shorter. It is equal to 780 S at room temperature and it slowly increases 
with decreasing temperature. At -1OO"C, TI reaches the value of 900 s. This large change 
in Z i  can easily be understood. Methanol contained very small amounts of paramagnetic 
impurities which in the recrystallized substance shortened c. The spin-lattice relaxation 
rate T;' as measured in the recrystallized substance is expressed as 

J Seliger and V &gar 

where (T;'),,rigina1 is the spin-lattice relaxation rate of the original substance and 
(T;lhmpurilis is the contribution to the spin-lattice relaxation rate caused by the paramagnetic 
impurities which entered the substance during the process of recrystallization. The value of 
(T;')impudlies = 1/1600 s produces the changes observed in TI. 

The proton TI as measured in the present experiment at the Larmor frequency of 32 MHz 
is nearly an order of magnitude longer than the proton TI measured in phenothiazine in a 
previous experiment at 10, 18.2 and 37 MHz [4]. Moreover no change in the temperature 
dependence of the proton was observed at the phase transition contrary to the data of 
I s h i m  ef a1 [4]. The reason for this discrepancy is not known. Nevertheless our samples 
underwent a structural phase transition at 251 K, i.e. at the same temperature as observed 
by optical experiments. Also the changes in the orientations of the phenothiazine molecules 
as determined by NQR are in agreement with the optical measurements. 

The very long proton spin-lattice relaxation time (about 4 h)-as observed in our 
samples-which is within the experimental resolution not affected by the phase transition 
rules out the possibilities of any large molecular motions such as for example large 
translational motions as proposed by van de Waal and Feil [2] or the butterfly motions 
associated with the phase transition. It is of course still possible that there are some large 
motions which are slow on the N m  time scale. These motions reduce the proton second 
moment as observed by Sircar e l  a1 [6] and also shorten the proton spin-lattice relaxation 
time in very low magnetic fields. The shortening of the proton Tfi in a magnetic field below 
a few milli teslas was indeed observed in our magnetic field-cycling expcriments. Thc 
shortening in TI is larger than expected for the transition from the Zeeman spin reservoir 
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to the dipolar spin reservoir [12]. As can be seen from the proton second-moment data 
of Sircar er a[ [6], the slow motion has already started below T, and is not afFected by 
the phase transition. This motion is in the transition region (220-320 K) in the kilohertz 
frequency range. The shifts in the I4N NQR frequencies at the phase transition are caused by 
a motion (reorientations) which is fast on the NQR megahertz frequency scale [13]. Thus the 
slow motion which reduces the proton second moment and shortens the proton spin-lattice 
relaxation time in a low magnetic field is not directly related to the phase transition. 

Our NMR and NQR data thus agree with the model of the phase transition as proposed by 
Criado and Luty [7] in which the phase transition is associated with the thermal librations 
of the phenothiazine molecules. When the amplitudes of the thermal librations amund 
the orthorhombic axis b become sufficiently large, the single-well potential for a molecule 
changes to a double-well potential. This change is associated with a first-order phase 
transition. The angle between the two possible orientations of a molecule is at Tc equal to 
9 f 2" in agreement with the optical data [5]. Any large translational or butterfly motions 
associated with the phase transition seem to be ruled out by the proton spin-lattice relaxation 
data. 
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