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NMR structural analysis of incommensurate modulated systems with multiple active symmetry
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We report single-crystal deuteron NMR measurements both in the nékpahd the incommensurafeC)
phase of big4-chlorophenytsulfone(BCPS. From the quadrupole splitting data obtained in the N phase, the
quadrupole couplindQC) tensors of all deuterons in BCPS are derived. The central part of the paper is
concerned with the analysis of the deuteron NMR frequency distributions observed in the IC phase as a
function of the orientation of the applied magnetic field relative to the BCPS crystal. This analysis is carried
out in terms of the amplitudes and phases of the rotational symmetry modes that contribute to the fundamental
IC modulation wave in BCPS, i.e., directly in terms of the structural changes associated with the IC phase
transition. Both a semiquantitative graphical, and a fully quantitative numerical approach are given. The former
is used to identify particularly simple and therefore particularly informative crystal orientations. The latter uses
as an input the deuteron QC tensors measured in the N phase. Quantitative and complete structural information
about the rotational displacements that atoms experience in an N—IC phase transition is deduced from NMR
spectra. Our results are in full agreement with corresponding data of an x-ray-diffraction study. We also report
on measurements of the spin-lattice relaxation tilpeacross the deuteron NMR frequency distributions. The
results are at variance with the established theory and this is traced back to the fact that multiple rotational
modes are contributing to the IC modulation wave in BCF®163-18207)05342-3

[. INTRODUCTION distribution can readily be calculatédlhe parameters gov-
erning such a distribution ar@c, and Ac,, respectively.

The NMR spectra of single crystals of incommensurateThese parameters provide little insight into what happens to
(IC) systems display, instead of sharp resonances charactehe structure of the crystal at the N—IC phase transition, ex-
istic of normal(N) crystals, more or less broad, inhomoge- cept that their temperature dependences reflect that of the
neous frequency distributions. These frequency distributionsrder parameter and thus allows people to deduce the critical
result from the fact that nuclei in adjacent unit cells of an ICexponents of the phase transition.
crystal are(slightly) displaced from theiaveragepositions We will demonstrate in this paper that, provided that an
and that, when viewed over the whole crystal, there is dC phase can be studied by deuteron NMR, a direct and
continuum of such displacements. The displacements causgiantitative relation can be established between the observed
changedoften rotation$ of the chemical shift and quadru- NMR frequency distribution and the IC displacements of the
polar coupling tensors of the nuclei and these lead to variadeuterons. This is due to the fact that the quadrupole cou-
tions of the chemical shifte and of the quadrupole satellite pling tensor of a deuteron is, to an excellent approximation,
splittings A v of the nuclear magnetic resonances. rigidly connected to the bond by which the deuteron is con-

Traditionally, the variation of these shifts and splittings is nected to the rest of the rigid molecule, or to a rigid part of it
described by a “coupling” of the NMR frequency to the such as a phenyl ring.
complex order parameteg =Aexg{ik,c-r} characterizing The displacements that atoms and rigid molecular entities
the IC phase of the crystal in the framework of the Landauexperience in an N—IC phase transition constitute a frozen-in
theory of second-order phase transitiorior simplicity we  normal modeof the crystal in its N phase. Any displacement
restrict ourselves here to systems with a one-dimensional IGf a rigid entitiy can be described by a translation plus a
modulation wave and to situations where the so-called planeotation. Essentially, deuteron NMR senses only the rotation.
wave-limit approximation is applicablé is the amplitude Usually, it will be a small-angle rotation that can be repre-
of the order parametek,c the (frozen-in incommensurate sented by the components of a vector. These components
wave vector, and is the position of the nucleus being con- need not be orthogonal. It is convenient to choose for these
sidered. Depending on whether this nucleus occupigesra  components the rotational symmetry modes contributing to
eral or specialposition of the average structure, the couplingthe frozen-in normal mode. Each rotational symmetry mode
of v, respectively,Avq, to the order parameter is usually is described by an amplitude;.,, a phasep of the modu-
assumed to be linear with a coupling constant or qua- lation function, and a rotation axR.
dratic with a coupling constart,. For both the linear and Crystals of bis-chlorophenytsulfone (BCPS,
quadratic cases, the shape of the resulting NMR frequenc$0,(C¢H 4Cl),, are monoclinic and possess twofold axés.
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Therefore, the symmetry modes can be classified according TABLE I. Directions of the rotatiors and referencel axes and

to whether they are invariant, or change sign under,a Cof the reference angles, of the BCPS sample crystals 1-V. Di-
rotation. The former are said to be Afor A, the latter of8  rections are specified by their polar angteand ¢ in the SOS. The

or A, symmetry. Only modes of , symmetry may contrib- last column indicates the deuteration of the respective sample crys-
ute to the fundamental modulation wave of the frozen-intals: fully (f) or selectively §) in ortho positions.

normal mode in BCP8BYy contrast, only modes of; sym-

metry contribute to the second harmonic of the modulation S d @rer  Deuteration
wave. The complete description of the structural changes in 82MPle  ror brot  brer  Pret

crystal during an N—IC phase transition is contained in thq 0.9° 325.0° 90° 90° 135.6° f

set of amplitudes and phases of the various symmetry modeg. 005° 29.3° 90° 90° 103.0° f

We point out, however, that these amplitudes and phases aji¢ 900° 270.0° ©0° 0° 34.8° s

not independent of each other. They are linked by the reqy 895°  1.0° 0° 0° 363° s
quirement that, together, they constituten@mal modeof 00.1° 48.8° 0° 0° 250 S

the crystal. Therefore, the amplitudes will grawisonoon
lowering the temperature while, ideally, the phases will re-

main unchanged. o is equipped with a goniometer that allows us to rotate the
For BCPS, such a complete description of the N-IC phasg,mple tube with the crystal inside about an axis perpendicu-
transition was achieved in an x-ray diffraction study a.nd|ar to B,. To specify crystal-fixed directions, such as the
careful data analysis.The aim of the present paper is, in principal directions of quadrupole coupling tensors, but also
principle, to reach the same goal by deuteron NMR. Thigpe rotation axes of our sample crystals, we introduce a stan-

general goal is, however, too ambitious. By the very naturey, 4 orthogonal axes systefB09 with x
; 7 . sos parallel to the
of the deuteron NMR technique, we are limited to determ'”'primitive crystal axisa, ysos parallel to the monoclinic axis

ing the amplitudes and phases of Fhﬂaﬂonal symmetry b, andzgggparallel to the reciprocal-lattice axi$ . In Table
modes and, at least at the present time, we must restrict ou “we specify the directions of the rotation axesof our

sel\(/jezls tt(') the symmetrytm;)hdes of dthe;undamenttal ogthe | ample crystals. In this table we also specify for each crystal
modulation wave, i.e., to the modes af, symmetry. Our areference directiord and areference angley. If, in the

strategy will be to analyze the IC frequency distributior)s in ayMR goniometer, the rotation angf of the sample crystal

Iar_ge ngmber of deuteron NMR spectra recorded at d'fferenéquals the reference angle, the projectiordadn the plane

orientations of deuteron-enriched sample crystals relative tBerpendicuIar ts is parallel ’toB Note thats. d. ... and
0- y Uy refs

the applied fieldB,. a rotation anglel fully specify the direction ofB, in the
crystal-fixed axes system SOS. Note also that the rotation
Il. EXPERIMENTAL DETAILS axes of crystals |, Ill, and IV are approximately parallel to
Zsos: — Ysos: andXxgpsand are thus along “natural” direc-
tions. The rotation axis of crystal V has been chosen to be
Fully deuterated big4-chlorophenyksulfone was pre- perpendicular to the S—CI direction of one of the wings of
pared by oxidation of perdeuterated #sehlorophenyt  the BCPS molecule. This crystal can, therefore, be rotated
sulfoxide with potassiumpermanganétélhe perdeutero- into a position whereB, is parallel to the S—CI direction

sulfoxide was prepared by a Friedel-Crafts catalyzed reactiofhich is special with regard to the incommensurate NMR
(AICI3) in which chlorobenzenel was reacted with frequency distributions, see Sec. V.

SOCl,.

For reasons which will become clear in Sec. Ill, we also
made an effort to synthesize BCPS in which only tintho-
hydrogens(relative to chloring are deuterated. To this end  All measurements we report were carried out on a home-
2.4.6-trideuterochlorobenzene was prepared out of 2.4.@uilt Fourier-transform spectrometer operating for deuterons
ds-aniline. After the Friedel-Crafts reaction as above, NMRat 72.13 MHz. The bulk of the data was acquired Tat
and mass spectroscopy showed some scrambling of th/e 100 K. To reach this and lower temperatures, we used an
ortho-deuterons to thenetapositions of the sulfoxide. The Oxford Instruments helium-flow cryostat. The temperature
ortho positions were still deuterated to approximately 70%,was regulated with an ITC4 controller from the same com-
while themetapositions were deuterated to about 30%. Afterpany and was measured with a calibrated carbon glass sen-
oxidation, the deuterated BCPS was recrystallized from ethsor. The stability was better than0.1 K.
anol and sublimed twice. Free induction decaydids) were excited with/2 pulses

Single crystals were grown by the Bridgeman method ofof duration 2.s. The fids were sampled with a dwell time
both the fully deuterated and the 708tho, 30% metadeu-  of 1.5us and Fourier transformed after discarding the first
terated BCPS. Thél00) plane is an easy-cleavage plane of four data points which are spoiled by the pulse and its tail.
BCPS. This plane could easily be identified in our crystalsThe subtraction method of Spefavhich cleans the fid from
and served as a welcome starting point for their final orienacoustic ringing effects, as well as Heuer’'s baseline cosine
tation by means of x rays. fitting (BCF) routine® which reconstructs the discarded ini-

From the oriented raw crystals, five samples |-V, fittingtial data points, were applied routinely. At=100 K, the
into standard 5 mm NMR tubes, were prepared for the deuspin-lattice relaxation tim& of the deuterons in BCPS var-
teron NMR measurements. Samples | and Il are fully deuteries, depending on the crystal orientation and on the spectral
ated, samples llI-V are partially deuterated. The NMR probgoosition in the IC frequency distribution, between 8 and 40

A. Samples

B. NMR
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FIG. 1. The BCPS molecule, SC¢H4CI),, and our labeling %
of the deuterons. The two phenyl rings are related by a twofold axis §-
parallel the crystal axib. Right: the rotation axeR,, R;, R,, and =
R; of the rotationalA , symmetry modes in the first harmonic of the -100 4
IC modulation wave. 1 L 1 . 1 . L !

0 40 80 120 160
min. Because of these rather long relaxation times we re- rotation angle ¥ (deg)
stricted ourselves to recording just one fid for most of the . . .
spectra 9l FIG. 3. Rotation pattern of NMR line positions of sample V at

T=155 K. The curves display fittings to QC tensors.

Ill. DEUTERON NMR SPECTRA
AND QUADRUPOLE COUPLING (QC) TENSORS
IN THE NORMAL PHASE OF BCPS

of the frequency distributions in the IC phase of BCPS. This
is the reason why we made the effort to synthesize BCPS
with only the ortho hydrogen positions deuterated.

The normal phase of BCPS is monoclinic, space group As stated in Sec. Il A, we had only partial success. In the
12/a, Z=423* All four molecules in the unit cell are mag- spectra of samples IlI-V the resonances of thetadeuter-
netically equivalent and the two wings of the molecule areons are hardly visible or, at most, appear as mere shoulders
related to each other by a twofold axis. Therefore, it is suf-Of the resonances from the deuterons in the strongly deuter-
ficient to specify the QC tensors of the deuterons of only onéited oppositeortho positions, see Fig. (). An undesired
phenyl ring. We choose the ring of which the atomic posi-side effect of the specific deuteration is that the resonances
tions are directly given in Table 8 of Ref. 3, and in Table | of are generally broader than in the fully deuterated samples.
Ref. 4. We also follow these references for labeling the deuThe reason for this effect is the much stronger deuteron-
terons, see the left part of Fig. 1. proton than deuteron-deuteron dipole-dipole interaction.

Figure 2a) shows a deuteron NMR spectrum of the fully ~ To get the necessary starting information for the interpre-
deuterated Samp|e | foF =140°, recorded at ambiant tem- tation of the frequency distributions in the IC phase of
perature. It displays, as expected, eight doublets, i.e., ondCPS, we measured the deuteron QC tenfoes T=290 K
doublet from each of the eight deuteron positions in the moland atT=155 K, i.e., 45 K above the N-IC phase transi-
ecule. The eight doublets come in four groups of two. Thistion. To this end we recorded from samples | andfiilly
feature is quite general and not specific to the spectrum ideuteratefiat T=290 K sets of deuteron NMR spectra for
Fig. 2@). The doublets within each group arise from deuter-increments of the rotation ang¥ of 10°. Likewise, we
ons in opposite positions of the phenyl rings, e.g., from deu¥ecorded from samples IlI-V similar sets of spectraTat
terons 3 and 6. These deuterons have nearly parallel bonds155 K. The so-called rotation pattern of line positions for
and therefore nearly equal QC tensors. crystal V at T= 155 K is shown in Fig. 3. The data in this

The almost but not perfectly coinciding resonances fronand the other rotation patterns were analyzed by a standard
deuterons in opposite positions complicate the interpretatiokeast-squares fitting procedure in termgtocelessQC ten-

sors. In Table Il we list the principal componenyy,
Qyy, Qz7, the related quantities QGE; Q- (quadrupole
coupling constantand 7= (Qvy— Qxx)/Qzz (asymmetry
parameter, and the principal directions, ,e,, ande, of the
deuteron QC tensoi® in BCPS, as measured at=290 K.
In Table Il we give the same information for deuterons 3
and 5 atT=155 K.
Note that the QCC's found in BCPS are typical for aro-
matic deuterond’ They increase slightly on lowerirify from
290 to 155 K which indicates that at 290 K there is some
motional averaging due to thermally excited vibrations. The
principal directione, associated with the largest principal
160 0 100 componentQ,, agrees for deuterons 3, 5, and 6 quite well
frequency (kHz) with the corresponding C—D bond direction that follows

FIG. 2. Deuteron NMR spectra of BCPSB£290 K. (a) Fully  from the neutron-diffraction data which we have, for conve-
deuterated sample \?=140°. The doublets of all inequivalent Nience of the reader, also listed in Table II. For deuteron 2
hydrogen positions are resolved. All doublets appear in nearby paif1e agreement is poadeviation 6°). Howeverg, of deu-
that arise from deuterons in opposing ortho/meta positions in théeron 2 agrees quite well with the direction of the internu-
phenyl ring.(b) Sample V, selectively deuterated in the ortho posi- Clear vector connecting the carbons @nd C; (deviation
tions, ¥ =130°. Only four doublets appear. 1.6° respectively, 1.9°, depending on whether we take the

@)

(©)
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TABLE Il. Deuteron QC tensors in BCPS at 290 K. Principal . 36 25 25 36
values and QCC's are given in units of kHz. The assignment of the s \1’ \1’
signs to the principal components relies on the experience that
QCC'’s of deuterons bound to carbons are positiRef. 9. The 145

polar angless and ¢ of the principal direction®y, e,, ande, are
given with respect to the SOS axes system. For comparison, we
give in the last two columns the C-D bond directions and the

directions of the G—Cg and G,—C; internuclear vectors as deter-

mined by neutron and x-ray diffractioiRefs. 3 and % ot

Deuteron  Qxx QCC Bond directions . &
0

positiorf Qvy 1) 7 from diffraction

QZZ 0 ¢ ,_—k/“‘/b/“‘l—
3 -136.9 107.2° 595° 177.9 52%° 341.9° =

-130.0  40.8° 128.4° 0.026 529° 341.6°

+266.8 54.4° 342.3° 52.4° 341.4° 10

5 -137.5 111.4° 62.6° 178.1 21%8° 83.1° — ,
-129.5  96.8° 155.3° 0.030 22%° 82.7° SokHz 0 +50kHz
+2671  225° 81.9° 228" 78.7° FIG. 4. Temperature evolution of deuteron NMR frequency dis-
2 -135.7  112.6° 65.3° 176.7 tributions in the IC phase of BCPS in sample ,=126°. At T
-129.3  95.1° 157.5° 0.024 =155 K, all lines are narrow. Below, =150 K, most of the lines
+265.0 23.2° 79.6° 24.8° 94.3° display a significant broadening which increases with decreasing
6 -138.1 112.5° 54.0° 176.8 temperature. The lineform is typical of crystals in d IC phase.
-127.1  44.1° 118.7° 0.041 The outermost doublet remains accidentally narrow in this particu-
+265.2 54.4° 341.2° 52.8° 340.7° lar crystal orientation.

8Deuteron position according to Fig. 1.

C_C direction as determined by neutron diffraction.
°C-C direction as determined by x-ray diffraction.
dC—D direction as determined by neutron diffraction.

signments would make the increase of the QCC’s ffom

=290 to 155 K larger than for the assignment we have cho-

sen. We think that the smaller increase is more probable.

Second, for the assignment chosen, ¢is of deuterons 3

and 6 agree better with the C—D bond directions following

x-ray or neutron-diffraction data for the SCs direction.  from the neutron-diffraction data than for the opposite

We think that the deviation of the C—D bond direction of choice. The same is true of the angleof the deuterons 5

deuteron 2 as determined by diffraction experiments fromand 2. As pointed out before, we do not trust the angjlef

the C,—Cs direction(4.9°), also determined by diffraction, the C—D bond direction of deuteron # @liffraction). Fortu-

and frome, (6.0°) is indicative of an inaccuracy in the nately, the uncertainty in the assignment of the 290 K QC

neutron-diffraction data. tensors to deuterons 3 and 6, and to deuterons 2 and 5 is
Closing this section we would like to point out that it is hardly of any relevance to the analysis of the observed fre-

very difficult to distinguish the QC tensors in opposite posi-quency distributions in the incommensurate phase in BCPS

tions of the phenyl rings. As a matter of fact, we are notig which we now turn.

absolutely sure whether the assignment in Table Il is correct

or whether tensor 2 must be interchanged with tensor 5,

and/or tensor 3 with tensor 6. Our assignment is based on th&. TEMPERATURE DEPENDENCE OF DEUTERON NMR

following (rather weak arguments. First, the alternative as- SPECTRA IN THE IC PHASE OF BCPS

TABLE lll. QC tensors of the ortho-deuterons 3 and 5 in BCPS In Fig. 4 we show the temperature evolution of the fre-

at T=155 K. Principal values and QCC's are given in units of kHz. quency distributions of the deuteron resonances in the IC

The underlying quadrupole splitting data were collected from thephase of BCPOS for the‘ully deuterated samplg ll, rotation
selectively deuterated sample crystals lll-V. anglew =126°. In this series of spectra the innermost dou-

blet stems, as indicated, from deuterons 2 and 5, the next one

Deuteron Qxx Qcc from deuterons 3 and 6, whereas the outermost doublet arises
position Qyy P é 7 from the .commdmg resonances of all deuterons in the
Qy, “other” wing of the BCPS molecule. In the spectrum re-
corded atT=155 K the resonances of all deuterons are
3 -141.2 104.7° 60.8° 179.1 “sharp,” whereas afl =145 K the two inner doublets have
-127.6 41.0° 133.2° 0.051 developed into frequency distributions with distinct edges.
+268.7 52.8° 342.2° For the deuterons of these doublets, the coupling of the order
5 -138.0 106.6° 34.6° 180.8 parameter to the quadrupole splittidg g is linear to a very
-133.1 106.9° 129.8° 0.014 good approximation. The fact that the outermost doublet re-
+271.1 24.0° 82.7° mains narrow is a consequence of the particular crystal ori-

entation. On lowering the temperature to, ultimately, 10 K,
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W3 6 (kHz) C-D bond B C-D bond

207 60 100 140 T(k) 20 60 100 140 T(K)

FIG. 5. Widthsw between edges of the IC frequency distribu-
tions in the spectra of Fig. 4 vB. Left: for deuterons 2 and 5; right:
for deuterons 3 and 6. The curves av€T)=wy(1—T/T;)? with
B=0.5 andT;=150 K.

the widthsw, s andw; ¢ between the edges of the frequency _ ) _ )
distributions increase gradually. This is displayed for the fre- FIG. 6. Two-and three-dimensional graphical representations of

quency distributions of deuterons 2 and 5, and 3 and 6 ii¢ deuteron QC tensor, assumed to be axially symmetric, with the

Figs. §a) and §b). The curves in these figures represent theC—D bond as symmetry axis. In the text, such figures are called

function w(T)=wo(1—T/T;)# with T,=150 K and tensors Avg is pr_oportional to the distance from the center of the
B=0.5. These functions obviously fit well the experimentaltensor to the point wher8, intersects the tensor surface. Apart

e - from the QCCA vq depends only on the angfe The sign ofA vg
data in the temperature range 90<KT <150 K. This means is positive for9<54.7° and negative for 54.7°9<90°
that the N—IC phase transition in BCPS can be described by ' g AR
the Landau mean-field theory. The same conclusion was _
drawn from x-ray and neutron diffraction, Raman experi- Avg=Dbo-Q-Dby, @

5 1-14 T
gf%tsg SSS; glcggr\; ;gzctt):‘an%fmlgefgui otr;g:elgng;/rs]?er%fs inof a deuteron resonance varies, as a function of the ahgle
- between the bond anf,, according to

cluding biphenyl, GsHqo, and rubidium zinc chioride, 0 g
Rb,ZnCl,, for which the nonclassical exponefit=0.35 has 3
been determinéd indicating that the appropriate Hamil- AVQ:Z QCQ3cogd—1). 2
tonian describing the phase transition is that of the three-

dimensionalXY model*® In Eq. (1), by=By/|By|. Two- and three-dimensional repre-
sentations of Eq2) are shown in Fig. 6. For brevity, a figure
like that in Fig. b) will be called atensor The length of the
arrow in the direction 0B, from the center of the tensor to
its surface is proportional toAvy of the respective
deuteront’ Figure {a) shows the tensors of translationally
We will present two approaches for analyzing the shapequivalent deuterons in consecutive unit cells of a commen-
and the width of the deuteron NMR frequency distributionssurate crystal. The C—D bonds are all parallel. When going
in BCPS that are governed by the thrég symmetry modes from the N to the IC phase, the C-D bond directions expe-
of the fundamental IC modulation wave. The first approactrience rotations that are different in different unit cells. The
is graphical and qualitative. It will help to understand, e.g.,QC tensors of the respective deuterons follow these rotations
why and how the frequency distributions depend on the relarigidly. Figure db) shows schematically the tensors in the
tive phases of the various symmetry modes and it will alsdC phase assuming, unrealistically but without consequences
help us to spot orientations &, that represent special and for NMR spectra, that the IC wavelengic is very much
therefore most informative cases. The second approach larger than the commensurate lattice period. The crosses in
numerical and guantitative. It consists of simulating deuterorfig. 7(a) and 7b) mark the loci wherd, passes through the
NMR spectra. It is based on the knowledge of the deuterotensors. Relative to the tensors, the loci of these crosses are
QC tensorsQ in the normal phase of BCPS that we haveconstant in the N phase, while they vary in the IC phase. For
measured and presented in Sec. lll, and on the ideaQhat this reason, we see narrow lines in the N, and inhomog-
follows rigidly any rotation of the rigid molecular entity to enously broadened lines in the IC phase. Now, let us look
which the deuteron is bound covalently. For BCPS, this en€loser at the situation in the IC phase, change the point of
tity is the phenyl ring of one of the two wings. The x-ray view and move into an axes system in which the bond is
work of Zunigaet al® has established that this ring retains its fixed and in which, consequently, the directionByf moves
shape in the IC phase, as expected, to an excellent approxs we proceed in the IC phase from one unit cell to the next.
mation. In this way, we get a mapping of the crosses from Fidp) 7
onto one tensor. For an IC modulation wave with a single
rotational symmetry mode, the map will be (possibly
curved line. This is shown in Fig. (€). As shown in this
The deuteron QC tensof@ in BCPS are nearly axially figure, the length of the line will vary depending on the mean
symmetric, i.e.,y<1, see Tables Il and lll. In this section orientation ofB, relative to the bondwhich can be con-
we shall assume thaj=0 and that the symmetry axis @  trolled by the experimentgiand, as well, on the orientation
coincides with the C—D bond direction. Then, the splitting of the axisR of the active rotational symmetry modehich

V. ANALYSIS OF DEUTERON NMR FREQUENCY
DISTRIBUTIONS FOR IC MODULATION WAVES WITH
MULTIPLE SYMMETRY MODES

A. Graphical approach
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frequency distribution, we can determine the QC tensors of
these deuterons, and, in so doing, the rotational amplitude of
the IC modulation wave. This we have done, in essence, for
biphenyl!® We will presently see that this procedure, appeal-
ing as it is, is limited to IC modulation waves consisting of
only one single symmetry mode.

Let us now turn to IC modulation waves with multiple
symmetry modes. To make the discussion realistic, we focus
attention on deuteron 5 in BCPS. The aXgsof the three
rotational A, symmetry modes, which contribute to the fun-
damental IC modulatation wave in BCPS, are indicated in
the right-hand part of Fig. 1. Relative to the bond of deuteron
5, these axes are situated as indicated in Fid). The map
of crosses from Fig. (b) onto the tensor is, in general, no
longer a line but a kind of a Lissajous figure because the
rotation angles

ay(r) = agmaSin(Kic-rj+¢1),

I as(rj) = azmaSin(Kic 1+ ¢2), ©)
e Wil

ag(rj) = agmaSin(Kic-rj+ ¢3),

FIG. 7. Visualization of the origin and nature of IC frequency ggggciated with the three axBs,R,, andR; can have and
distributions.(a) N phase: the QC tensors are parallel in all unit dohave in BCPS different phases , ¢», and<p3.5 In Eq.(3),
cells. By intersects the tensor surfaces in the same point, indicateﬂ1e indexj labels the deuterons 5 in consecutive unit cells. In
by a crossAvg is the same for all deuterons, we see narrow IinesFig. 7(d) we also show how the Lissajous figures change

n the. SpeCtr”m(b) IC phase: the QC tensors are no more paralleItheir shape as the mean orientatiorBgfrelative to the bond
in adjacent unit cells, because the corresponding C—D bonds are

_ s .. IS changed.
not. ConsequentlyB, intersects these tensors in different loci, in- . . . .
dicated by crosses\vg is different in all unit cells, we see fre- The width of the NMR frequency distribution is again

quency distributions in the spectr@) In an axes system, in which 90verned by the mean latitude of the Lissajous figure, and by
the C—D bond is fixedB, is modulated from cell to cell. We can the extension of the projection of the Lissajous figure onto a

map the occurring directions @, on one single tensor. For a Meridian of the tensor. Remarkably, the shape of the NMR
single rotational symmetry mode, these directions are lying on drequency distribution is, irrespective of the shape of the Lis-
curved line. If the crystal is rotated, the line moves on the tensogajous figure, the same as that for the single-symmetry-mode
surface, and its length and curvature changg.Same agc) but ~ case. However, the NMR frequency distribution is no more a
multiple symmetry modes. The map &, is a Lissajous figure direct histogram of a modulation function. The three modu-
which changes size and shape depending on the crystal orientatiolation functions in Eq(3) lead to a certain density of crosses
The rotation axe®;, R,, andR; are realistic for BCPS. Note that on the Lissajous figure. This density of crosses is projected
the bond directiorithe symmetry axis of the tengoR; andR, are  onto a meridian of the tensor and it is this projection that we
lying in a plane. see in the NMR frequency distribution. This projection is
equivalent to the histogram of a sinusoidal function, there-

is a fixed crystal properly From Eq.(2) it follows that the fore the multiple-symmetry-mode and the single-symmetry-
mean latitude of the line, and the projection of the line ontomode cases lead to the same shape of the NMR frequency
a meridian of the tensor determines the width of the IC fre-distribution. However, there is one important difference be-
guency distribution in the NMR spectrum. Thkapeof this  tween the two cases. When in the former case the mean
distribution is determined by the density of crosses on therientation of By is changed, the edge singularities of the
line. If the IC modulation wave is sinusoidal, the density hasNMR frequency distribution arise, unlike in the latter case,
the shape of the histogram of a sinus function, that means, ftom different deuterons in the crystal. This is the reason
has two edge singularities. If the mean orientatiorBgfis ~ why the edge singularities do not arise from those deuterons
far away from both the pole and the equator of the tensorwhose bonds experience the extreme rotations during the
and if the line obtained by the mapping of the crosses iSN—IC phase transition. By following the orientational depen-
short,Avg will vary approximately linearly withd along the  dence of the quadrupole splittings/ of the edge singulari-
line. In this approximation the histogram of the sinusoidalties, it is thus not possible to measure the QC tensor of any
modulation function translates, with a rounding off of the selected set of deuterons. That means, it is not possible to
singularities, directly into the shape of the frequency distri-monitor in this way the rotational displacements of any set of
bution in the NMR spectrum. deuterons during the N—IC phase transition. This fact com-

The ends of the lines in Fig.(@) correspond always to plicates the analysis of IC frequency distributions resulting
those deuterons whose bonds experience the extreme rofaem multiple symmetry modes and also affects, as we shall
tions during the N—IC phase transition. Thus, by measuringee in Sec. VI, the variation &f; across the frequency dis-
the orientation dependence of the edge singularities of the I@ibution.
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Still, from Fig. 7(d) it is intuitively clear that there are
special orientations oBy which simplify the situation. One MM
of them is obtained when the mean orientationBgfcoin- G
cides with any of the axeR;. In such a case, the respective
symmetry mode will not contribute to the NMR frequency ‘ A |

distribution. Another special case is obtained when one of

the symmetry modes does not contribute to the extension of

the Lissajous figure along a meridian of the tensor. This hap- n Hm mH n
pens whenever the bond direction, a rotation &isand the ©

mean orientation 0B, are lying in one plane. This special

case may arise simultaneously for two rotation aiResnd A h

R;, namely, when the bond directioR; as well ask; are all @

lying in a plane. If, in such a case, we maoBginto the same

plane, both symmetry modesandj will not contribute to “ nIM
the width of the NMR frequency distribution. A look at the °)

right-hand part of Fig. 1 will convince the reader that the
rotation axesR; and R,, and the bond directions of all u

(unprimed deuterons of the BCPS molecule are almost lying o L ,,J

in one plane. This gives us the chance to record deuteron

NMR frequency d|Str|but|onS from BCPS Whose Wldths are ) FlGS Left: deuteron SpeCtl‘a of CryStals of BCPS in different
almost exclusively due to the third rotational symmetryorientations, T=100 K. (8—(d) crystal Vv, ¥=40°, 100°, 10°,

mode and thus allow a direct determinationgfya,in Eq. 1157 total spectral width 333 kHze),(f) crystal I, ¥ =60°, 130°,

(3). This doubly special situation we have exploited in ouyrtotal spectral width 500 kHz. Right: simulations for the same crystal
experiments on BCPS, see Sec. V C. orientations andy; max, @2 max: ®3maxs P2~ €1, P3~ ¢y as deter-

mined in Sec. V.

B. Numerical simulation of IC frequency distributions C. Application to BCPS
intrz?ji é{:)%;egfrr:; ;ghtho?‘ tsr:guézt(':%g‘:’] alf a%S difi?r:e?/vlen et)f(\_e Because the NMR frequency distribution is independent
ploit the fact that, in the IC phase of the crystal, the set ofOf the phase of the modulation wave, which we may identify

numbersk .-, modulo2ar is dense in the interval O-2and with ¢, without loss of generality, there remain five param-

that the density is constant. For our simulations we subdividgters that enter the simulations. These parameters are

the interval 0—2r into a large numbeK of equal steps, e.g., ,:Il'mf’.‘x’afhmax’a:‘"max’ a?d (P%_ 1,03~ ¢1. We W'fSh to de- tal
K—100. The QC tenso@® of a particular deuteron in the C/Mine these parameters from a comparison of experimenta

lecul dina to theh st il b with simulated spectra. It is clear from the outset that it is not
molecule corresponding to step will be sufficient to compare a single experimental spectrum with

W=D (™). Do(a®) . Da(a®). simulations for the same orientation®§ that are carried out
Q 1(@1”)-Da(az7)- Dalaz™)-Qu with different parameters.
X D;l(agk>).[>;l(a<2k>) . lel(a&k)), (4) Thus, from all sample crystals 1-V, we recorded, varying

the rotation anglel, a total of 52 deuteron NMR spectra at
where Qy is the known QC tensor of this deuteron in the T=100 K. Six of these spectra are reproduced in Fig. 8.
normal phase of the crystal and They document how strongly the overall appearance of the
K spectra, and as well, the IC frequency distributions change

2w —+ ). (5  When the orientation oB,, relative to the crystal is changed.
K Obviously, these spectra contain a rich amount of informa-

tion. However, it is a formidable task to extract from them

ing to the various rotationak, symmetry modes of the IC this information in the form of the desired parameters

modulation wave. The quadrupole splitting of the NMR of &1max: - - »¢3™ @1 Therefore, we begin the analysis with
this deuteron will be the special cases discussed in Sec. V A.

As mentioned in Sec. Il A, sample V allows us to rotate
Avg‘)=bo-Q(k)-b0. (6) the cryst_al such thaB, is parallel to the S—CI direction of
the unprimed wing of the BCPS molecule and thus along the
Equation(4) implies a certain order in which the rotations axis R;. For this situation, the rotational symmetry mode 1
are carried out. This order is unknown. Fortunately, it isdoes not contribute to the width of the IC frequency distri-
irrelevant because all the{® are small, see below. butions of the unprimed deuterons. Neither contributes the
By folding thekth stick spectrum by a Gaussian of appro- rotational symmetry mode 2, because in this doubly special
priate width and summing oveq, we get the IC frequency situation R, is, in addition, (almos} in the plane that is
distribution of this particular deuteron for the chosen orien-spanned byB, and any of the C—D bonds in this wing.
tation of By. Superimposing the frequency distributions of all  The experimental spectrum for this crystal orientation is
four ortho, respectively, all eightlistinct deuterons of the shown in line(a of Fig. 9. The resonances marked by the
BCPS molecule yields the spectrum that can be comparearrows arise fronall unprimed deuterons because the angle
with the experimental one for the same orientatiorBgf ¥ betweerB, and the bond of each of these deuterons is the

agk)Z @ max SIN

TheDn(aﬂ()) in Eq. (4) are the rotation matrices correspond-
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FIG. 10. () Deuteron spectrum of crystal Il = 10°, T
=100 K. By is in the monoclinic plane and almost parallel Rg.
(b)—(e) simulations with different parameter setb) a1 = 3.2°,
@ max= @3max=0°; (€)@ max=3.0°, a1 ma azma=0°; (d)
@3 ma=3-2°, @1 ma= X2ma=0°. The phasesp,—¢; and ¢z—¢;
are irrelevant in simulationgb)-(d). (6) a1 ma= a3 mac= 3.2°,
ap max=3.0%, @—91=65°, 3—¢,=300°. The shoulder on the in-
ner flank of the inner of the two frequency distributiong@ indi-
same forBy|S—Cl, namely 60°. The resonances in Fig. 9cates a slight deviation d, from the monoclinic plane.
with the larger quadrupole splittings arise from the deuterons
of the other wing. For the moment, we disregard them. The foregoing discussion applies also to the other doubly

Having been biased from our experience with biphenylg,ecia| case, namely whey, is parallel toR,. Unlike Ry,
where a rotation about the long axis of the molecule ConSt'however,Rz is lying in the monoclinic plane of the crystal.

tutes the only symmetry mode of the IC modulation wave .

: : ._ 'Therefore, the resonances of pairs of symmetry-related deu-
we were surprlseq to see in BCPS a_broad frequency dIStrYerons 5and 5, etc., on the twg wings o?lthe BCyPS molecule
bution for By||R,, i.e., when IC rotations about the S—ClI e

direction cannot cause a spread of the deuteron resonancgaust coincide prOHRZ' For an exact hexagon-symmetry of
The spectrum in Fig. @) provides, therefore, direct and im- 1€ aromatic rings even the resonancesadf deuterons
mediate evidence that other symmetry modes of the |¢Should coincide. To avoid this only approximately fulfilled
modulation wave must exist in BCPS. The simulated specSPecial situation, we recorded a spectrum vBihlying in

trum in Fig. 9b), which was calculated under the assumptionthe monoclinic plane, butnominally) 4.3° off R, (away

that the symmetry mode 1 is the only active one, proves thi§om the -€* direction. The deviation of 4.3° is small
point: This spectrum shows no IC spread of the inner resoenough, on the one hand, for the consequences of the doubly
nances. As discussed above, we expect thaB§h—Cl the  special casd||R, to apply at least approximately, and, on
symmetry mode 2 as well does not contribute to the width othe other hand, it is large enough to separate the resonances
the IC frequency distribution. This is demonstrated by theof deuterons 5 and 5’ from those of deuterons 3 and 3'. This
simulation in Fig. 9c) (the simulation parameters are listed spectrum is shown in lin¢a) of Fig. 10. Lines(b)—(e) dis-

in the figure caption In line (d) of Fig. 9 we display a play analogous simulations as in Fig. 9. The new feature in
simulation that was calculated under the assumption thdtig. 10 is that both pairs of resonances behave alike whereas
only the rotational symmetry mode 3 is active. Under thisthey behaved differently in Fig. 9. The quantitative conclu-
assumption, we do get a spread of the resonances and thi®n from the experimental spectrum in lig@ of Fig. 10
width of the IC frequency distribution depends only onand from the simulations in linggl) and(e) is the confirma-

@3 max- BY adjusting az s in the simulations such as to tion thatag ynamust be 3.2%0.2° atT=100 K.

obtain the best match between tfiener resonances of the Unfortunately, there are ndoubly speciabrientations of
simulation[line (d)] and those of the experimental spectrumBy that would allow a separate determinationaf ., and

[line (a)], we conclude thatrg , Must be 3.2%0.2°. We @ max and of ¢,— @1 and ¢;— ¢,. The reason is that nei-
stress that this number appliesTe: 100 K. Anticipating the  therR; nor R, are lying in the plane spanned by any of the
determination of the other amplitudes, ,ax and that of the ~C-D bonds andRs. Therefore, in our further analysis of the
relative phases,— ¢, we show in line(e) of Fig. 9 the experimental spectra, we had to go the hard road which
simulated spectrum calculated with the final amplitudes andneans testing numerous simulations with different sets of
the final relative phases. As can be seen, the inner resonandgegrameter values. The criterium feuccesswas a match of
hardly change when going from liré) to line (e), however, the width of all IC frequency distributions in the experimen-
the outer resonances in lirle) also agree, unlike those in tal and simulated spectra for all 52 different orientations of
line (d), remarkably well with those in the experimental Bo. How sensitively these widths depend on the relative
spectrum. phasesp,— ¢, and ¢3— ¢4 is illustrated in Fig. 11. In the

FIG. 9. (a) Deuteron spectrum of crystal W =106°, T=100
K. Bg is almost parallel to the S—CI direction of one phenyl ring.
(b)—(e) simulations with different parameter setb) a1 mq=3.2°,
A2 max— X3 max_ Oo; (C) A2 max— 3'001 @1 max— X3,max— 00; (d)
@3 ma= 3:2°, 1 max= ®2ma=0°. The phasesp,—¢; and p3—¢;
are irrelevant in simulationgb)-(d). (6) g ma= @3 ma=3.2°,
@ max=3-0%, @2—¢1=65°, @3-, =300°.
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FIG. 11. Top line: Four replications of the deuteron spectrum of
crystal V, ¥ =40°. Below: a matrix of simulations for different .
combinations of relative phases—¢;, and ¢3—¢; and fixed am- QLo e ™ A
plitudes @y may= a3 ma=3.2°, @ymax=3.0°. The best match of
simulation and experiment is achieved with— ¢,=60° andepz—
¢1=300° (framed simulatioh FIG. 12. Variation of deuteron spin-lattice relaxation tiffie

across the spectrum in crystal V @) ¥ =40° and(b) ¥'=10°,
top row of this figure we have reproduced four times theT=100 K. Spectra are displayed by dashed lines. Note that the two
spectrum(a) from Fig. 8. Below this experimental spectrum innermost doublets itib) have a frequency dependenceTqf op-
we show a matrix of 24 simulated spectra, calculated foiposite to that predicted by the classical theory: the edge singularities
different values ofp,— ¢; ande;— @;. Except for the simu-  relax more rapidly than the centers of the frequency distributions.
lation marked by a frame, a single glance is sufficient to rulel e two outermost doublet_s (t_)) show an almost linear increase of
out the respective combination of phases. On the other handy across the frequency distribution.

in the framed simulated spectrum, the widths of all four I(.:smallesﬂ'l’s encountered are 500 s, the largest 2300 s. Simi-

frequency distributions match the corresponding widths i 5114 . o
the experimental spectrum quite well. That means, the pgarly to the case of*CI™, the ratios Tma/T 1mi Within the

rameter set used for this simulation, is a candidatestar- deuteron frequency distributions do not deviatey much
' X ' from unity. This is at variance with the classical theory of
cess A search on a finer grid revealed that the best match is

obtained for Zu.mer and Blinc® This theory predigts that the edge singu-
larities of the IC frequency distributions should not be sen-
@1 mac=3.2°+£0.2°,  @,— ¢;=65°+10°, sitive to so-called phasons, and therefore should exhibit
longer (even very much longérrelaxation times than the
@ max=3.0°+0.2°,  @3— ¢,=300°*=10°, centers of the frequency distributions whiate sensitive to
phasons.
a3 ma=3.2°+0.2°. This predicition fails even qualitatively for BCPS: For

oth inner pairs of resonances in Fig(BR it is thecenterof
e distribution, rather than the edge singularities, which has
e longer relaxation times. That shows right away that any

This set of parameters led to the simulated spectra in Fig.
that match well the corresponding experimental ones. As &

matter of fact, all of the 52 spectra recorded’at 100 K can ttempt to deduce the size of a phason gap fronTgeatio
be reproduced reasonably well by simulations with the abov& P . ap 9ap -
of the center and the singularities of the frequency distribu-

set of parameters. We may thus C'a'”? that this set of ampllfion is bound to fail. After all, the gap of the phason cannot
tudes and phases of the three rotational symmetry modes

describes the rotational part of the fundamental IC modula: € larger than that of the ampllt_udor_L As regards th? outer
tion wave in BCPS aT = 100 K. pairs of resonances, the relaxation time appears to increase

monotonically across the frequency distribution. That means,
the edge singularities relax with a different rate. This stresses
VL. DEUTERON SPIN-LATTICE RELAXATION once more that for IC modulation waves with multiple sym-

In sample V at the rotation anglels=10° andW¥ = 40° metry modes it is not possible to assign the nuclei belonging
we measured, using the saturation-recovery method, at fodp the edge singularities in the spectrum to any maxima or
different temperatures 100 & T, <145 K the deuteron spin Minima of the modulation wave.

lattice relaxation time across the IC frequency distributions, Finally, we may compare, after proper scaling, the deu-
A C** program was written that takes as input directly theteron relaxation times with th&Cl relaxation time measured

Fourier spectra for different relaxation delays and performs &1 BCPS:* At T=100K, Mikacet al. found T(**Cl)~7 ms
least-squares fitting of the recovery curves to exponential2verage over the frequency distributiofihe proper scaling
for each of the discrete frequencies in the spectrum. Figuractor S is the square of the ratio of the strengths of the
12 shows the result foF = 100 K in both crystal orientations. duadrupole interactions, i.e.,

We recognize thal, varies across the IC frequency distri- 35 2 2
butions, depends on the crystal orientation relativBg@and Qca™ch ~ 35 MRz ~4x 10" (7
QCQ(?H) 178 kH '

also on the site of the deuteron in the BCPS molecule. The
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Assuming that the dynamics of tH&Cl and ?H QC tensors
is the same, we thus arrive at the estimate

Tl,estimate: S T1(35C|) ~280s (8

for the deuteron relaxation time &t=100 K. This estimate (b
compares favorably with our direct experimental result and

indicates that the dynamics of tHéCl and ?H QC tensors is

indeed essentially the same. ©

L
-100 kHz 0 100 kHz

VII. DISCUSSION AND OUTLOOK
FIG. 13. Influence of the second harmonic of the IC modulation

The central result of this paper is the deuteron NMR dewave on deuteron NMR spectrum in crystal ¥,=20°. (a) Spec-
termination of the amplitudes and relative phases of the thregeum at T=100 K; the arrows point to features of IC frequency
rotational symmetry modes of the fundamental IC modula<distributions(hump in the center, one horn is much larger than the
tion wave in BCPS. This was achieved by linking the IC othep that are inconsistent with a purely sinusoidal modulation
frequency distributions with the spread of the C—D bondwave.(b) Simulation including only the first harmonic with param-

directions. eters as deduced in Sec. §) Simulation including the first har-
We recall that this determination was doneTat 100 K.  monic as in(b) and additionally the second harmonic witH .,
From an analysis of x-ray diffraction patterns, Zunigaal®  =0-6°, @3 ma= @y max=0.7°, ¢1=280°, ¢,=223°, andpy =144°.

determined in 1993 the same set of paramete=a80 K. Apart from gp.)’,, these values are those from Zunigfaal. Zuniga’'s
Their result is(error limits are not given value for gy is 36°=180°-144°.

=3.5°, —@=72°, . ’ - ’
@1,max $27 %1 a’n(rj):a’n,max'sm(klc'rj+¢n)+an,max' Sln(2klc'rj+(Pn)-
A2 max— 3.3%, ¢@3—¢1=302°,

!

The a; ma @and ¢, are the amplitudes and phases of the
rotational symmetry modes of the second harmonic. Note
thatR 5 does not contribute in the second harmonic, whereas
It is highly satisfying that both the x-ray and the deuteronR, does contribute in the second, but not in the first
NMR methods lead to the same result within our error limits.harmonic® In parts (b) and (c) of Fig. 13, we show two
Of course, our work was done with full knowledge of the simulations. The first was calculated as before, i.e., taking
paper of Zunigeet al. Therefore, one might suspect that our into account only the fundamental wave, while the latter in-
work is not independent of theirs. This is indeeed the casesludes the second harmonic with the amplitudgs,., and
however, only in so far as we learned what the allowed rO'phasequ'f] as given in Ref. 5, see, however, figure Caption_
tational symmetry modes of the fundamental IC modulationThjs simulation exhibits all the conspicuous features present
wave are in BCPS. Our determination of the parameter sqh the experimental spectrum and thus suggests that these
@1 max - 3~ ¢1 IS independent. We have documented thisteatures indeed arise from the second harmonic. Unfortu-
in some detail foraz may. After having determinedrs max,  nately, the features in the deuteron NMR spectra originating
we were aided, somewhat, by Zunigaal’s values ofa; max  in the second-harmonic IC wave are too weak and are seen in
and a; max. Nevertheless, there can be no doubt that our sefoo few of the experimental spectra to warrant an attempt of
of deuteron NMR spectra in its entirety does contain the fU”determining the amplitudes, ., and phasesp, by the
information about all parametets; max, - - - .3~ ¢1. same deuteron NMR strategy that was successful for the fun-
So far, we focused attention exclusively on the fundamengamental modulation wave. By lowering the temperature to a
tal IC modulation wave. Correspondingly, we focused attenyalye far below 100 K, the second harmonic will become
tion on thewidths of the IC frequency distributions. On the stronger and, as well, the respective features in the deuteron
other hand, Zunigat al. report also about a finite second NMR spectra will also become more pronounced. This will
harmonic. The contributing modes are of symmetry. improve the chances to determine the structural parameters
While theshapeOf an IC frequency distribution does not of the second harmonic by deuteron NMR. However, pre-
depend on whether there are one or several active symmetfyninary neutron-diffraction experiments show thatTat 10
modes of an IC modulation wave, it does depend on the the distortion of the IC modulation wave comprises at

presence or absence of harmonics. The experimental spegast five harmonics, all of which will affect the deuteron
trum in Fig. 13a) shows some conspicuous deviations fromNMmR spectra.

the familiar shape. They are marked by arrows. We won-
dered whether they arise from the second harmonic. To find

Qg ma= 3.5°.

out we again returned to simulations. ACKNOWLEDGMENTS
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