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The dynamics of regioregulated pélymethylthiazole-2,5-diyl (HH-P4MeT2 was investigated by solid-
state’H, 2D, and**C NMR spectroscopies, and differential scanning calorimé$C) measurements. DSC,
p quadrupolar echo NMREC cross-polarization and magic-angle spinnif@MAS) NMR, and two-
dimensional spin-echo CPMAS NMR spectroscopy suggest existence of a quasiordered phase in which back-
bone twists take place with weakenedtackings. Two-dimensional excharfgz NMR (2DEX) detected slow
dynamics with a rate of an order of 28iz for the 3 group inds-HH-P4MeTz at 288 K. The frequency
dependence of proton longitudinal relaxation rate at 288 K shows'& dependence, which is due to the
one-dimensional diffusionlike motion of backbone conformational modulation waves. The diffusion rate was
estimated as 3+2 GHz, which was approximately ifes larger than that estimated by 2DEX NMR mea-
surements. These results suggest that there exists anomalous dispersion of modulation waves in HH-P4MeTz.
The one-dimensional group velocity of the wave packet is responsible for the behavior of proton longitudinal
relaxation time. On the other hand, the 2DEX NMR is sensitive to the phase velocity of the nutation of methyl
groups that is associated with backbone twists. From prd@toand T, measurements, the activation energy
was estimated as 2.9 and 3.4 kcal/mol, respectively. These were in agreement with 3.0 kcal/mol determined
by a Mgller-Plesset molecular orbital calculation. We also performed a chemical shielding calculation of the
methyl carbon in order to understand chemical shift tensor behavior, leading to the fact that a quasiordered
phase coexists with the crystalline phase.
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I. INTRODUCTION about the dynamics of the phase is still poor, mainly because

, . o there are quite limited experimental methodologies to ap-

In the discussion of structure-property correlation in poly-pqach the problem. As a theoretical approach, van der Horst
meric condensed materials such as semicrystalline polyme%d co-workershave proposed that in crystalline conjugated

and polymeric liquid crystals, one must often take into aC’polymers the presence of static disorder brings about a

count not o_nly.the crystal-amprphous duality but also eI'spread of the distance between two chains constituting a de-
emental excitations of polymeric condensed systems or their

relaxation from elementally excited states to a ground stat crease of wave-function overlap and the exciton induced by

For instance, exciton generation and annihilation in hermally excited intermolecular phonon modynamic

m-conjugated polymers and dynamic disorder in p0|ymep|sordeif reduces the quantum mechanical coherence. Hence,

crystals are typical elemental excitations found in polymerictn® concept of a single polymer chain put into a dielectric

systems. The “conformon” is one of the elemental excita-m_edium can interpret the features of conjugated polymers. In
tions concerning molecular structdrét is known that some  this case, the polymers have the character of one-
Semicrysta”ine po'ymers form mesophases that are Ca”eaimensional substances because electrical conduction is
quasiordered phasédhe phase is defined as a partially dis- dominated by the free electron having only degrees of free-
ordered crystalline phase, of which the order parameter i§om that can move in one dimension.
larger than that of the amorphous phase but smaller than that Heat capacity, quasielastic neutron scattering, and nuclear
of a perfect crystal. One may consider this phase as a liquithagnetic resonancé€NMR) experiments have intensively
crystal with high viscosity. been performed to explore the collective dynamics of the
Since the quasiordered phasemtonjugated polymers is quasiordered structure including charge and spin density
closely related to the conjugation length ofelectrons in a  waves? domain wall dynamic8g and discommensuration in
crystal, it is quite important to investigate both static andincommensurate systemsSo far quasiordered phases in
dynamic structure. In spite of its importance, informationpolymeric systems are, however, not yet well established.
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NMR spectroscopy is one of the promising methods to
obtain information about molecular dynamics since one can
perform nondestructive experiments. Particular attention has CHg
been devoted to the phase transitionmtonjugated small I S
molecules which have a class of quasiordered phases, the S )
incommensurate (IC) phase [such as bipheny;°
p-terphenyt12 bis(4-chloropheny)l,*® and C
dichlorobipenylsulphoné& etc]. In these phases, disordered
crystals show long-range breaking of the lattice periodicity. poly(4-methylthiazole-2,5-diyl)
Therefore the wavelength of the modulation is not an integral
multiple of the unit cell, which means that translational sym-  FIG. 1. Chemical structure and schematic representation of the
metry is lost. In most incommensurate crystals, power-lavalternative layered molecular packing in HH-P4MeTz. Neighboring
temperature and frequency dependences on the proton longiolecules take a face-to-face packiicaxis). The x-ray diffraction
tudinal relaxation time were observed. Furthermore, the restudy shows that thiazole rings recurring along thexis take co-
laxation rate rises dramatically around the transition tem-planar structures and form a highly extendedonjugated network.
peratureT,. This is due to the fact that the spin relaxation is This takes the alternative layered structure: a layer constituted of
controlled by low-frequency excitations of the collective highly dense methyl groups with two-dimensional arrangement and
phase mode§hasonscorresponding to the critical slowing a layer with the face-to-face stacking.
down of molecular motion accompanying the phase transi-

tion. Amax (498 N shows significant redshift compared to that for

~ The dynamics of modulation waves in IC solids is alsoyna fiim of rand-P4MeTz (420 nm). Further, HH-P4MeTz
investigated by various NMR experiments. InRhCl, (@nd ;65 rejatively large third-order nonlinear optical suscepti-

its analogy’1>-2°bis(4-chloropheny) sulfone!® and barium bility ¥® of 2.5x 101 esu. The value of? is eight times

sodium niobaté!~23it is known that the structural modula- larger than that forand-P4MeTz(0.3x 1071 esy. The re-

tion wave with respect to atomic displacements from €AUlgioregularity dependence of the optical properties can be ob-

librium positions produces a discommensuration in theserved only for P4AMeTz. There are no similar observations

higher-temperature regime of the incommensuratey  panTh
commensurate transition temperature. As farranjugated An x-ray diffraction study indicates that HH-P4MeTz

pO'VT“er_S are concerr_1ed, there_ are, however, quite I'm'teiiakes a face-to-facer-stacking structure while head-to-tail
publications concerning quasiordered phases. irans. (HT)-P3MeTh takes staggerest stacking®®f® One of the
plolyact?]tyleﬂe. orr:e—dt;mensuk))nal @ggg?ﬁ” of (letlectrclwg bSp'ninteresting structural features of HH-P4MeTz is an alternat-
along the chain has been observet.” This resutt could be ing layered structure; one layer is constituted by highly dense

described. by. usjng the wgll-known solitddomain wal) . _methyl groups in a two-dimensional manner and the other is
model which indicates that in the presence of defects or IMp it by the face-to-facer stacking(Fig. 1)

purities the mobile spins are trapped and act as the domain |, yhis article, we describe synthesis of natural abundant

wall. :

. . ) and methyl-deuteratedperdeuterated versions of HH-
PFI)Don(thlogh(ra]n(_a-Zd,S-myll (PTh), pollyépylrliolleh-%i-]dly) P4MeTz, and measurements by differential scanning calo-
( W.')' and_their envatweie.g., poly3-alkylt lophene- rimetry (DSC), variable temperaturéD quadrupolar echo
2,5-diyl (P3RTI’)], which are made' up .Of recurring five- NMR, two-dimensional exchang@DEX) ?°D NMR, variable
membered rings, have been extensively investig&tstibe- frequency and temperature proton longitudinal relaxation

Caus? t“eyf are tho#_gm to t?ke d c;plelmatr structures tar:jd fne (T, and variable temperature proton transverse relax-
eventually form a highly extendear-electron conjugated ., time(T,), in order to explore the dynamics of the qua-

networl->*owing to their less sterically hindered structures -\ | ciructure of the bolvmer. From these experiments
compared with those of palsrylengs with six-membered : polymer. . perm '
rings such as polyp-phenyleng (PPP.5 we shall dlscuss'wavelength dispersion of modulauon_al

waves in the quasiordered phase of the polymer and confirm

PTh and PPy are constituted by “electron-excessivethat there exist strongly anisotropic diffusion and anomalous
heterocyclic units and are susceptible to chemical or electros gl P

chemical oxidation, i.e.p doping. On the other hand, it has dispersion of the structural modulation waves.

been recently reported that-electron conjugated polyhet- Il. EXPERIMENT
erocycles with five-membered rings containing “electron- )
withdrawing” imine nitrogefs), poly(4-alkylthiazole-2,5- A. Materials

diyl) (P4RT2, were synthesized with dehalogenative HH-P4MeTz (M,,=3200; light scatteringwas prepared
organometallic poly condensatitfrf®>>6and have interesting by the previously reported schemes involving dehalogenative
redox and optical properti€é.For solutions of PAMeTz and organometallic polycondensati6hA methyl-deuterated ver-
P3MeTh, there are no significant differences in absorptiorsion of HH-P4MeTz was synthesized from a scheme initi-
maximum (\,,,) of uv-visible optical absorption specttd; ated from monobromination of deuterated acetone. The de-
Amax=425 nm for the trifluoroacetic aciifFA) solution of  tailed scheme for the synthesis will be described elsewhere.
regioregulated head-to-hed#dH) P4MeTz and 420 nm for For all the measurements, we used powder samples of HH-
the formic acid solution ofand-P4MeTz. For the solvent- P4MeTz, which are recrystallized in hexafluoroisopropanol
cast films of HH-P4MeTz, on the other hand, the value of(HFIP).
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B. Differential scanning calorimetry measurements frequency much higher than tl{,) produce the diagonal sig-

DSC thermograms of natural abundant and perdeuteratd?f!S in the 2D spectrum.
versions of HH-P4MeTz were recorded on a Seiko DSC 220
system connected to a SSC5300 workstation. The samples
were first heated from 173 to 423-473 K. The heating rate 3C cross-polarization and magic-angle sample spinning
was 20 K/min (HH-P4MeT2 and 5, 20K/min (CPMAS NMR measurements were performed on a JEOL
(d3-HH-P4MeT?2. After the first heating scans, the samplesGSX-270 Fourier transfornfFT) NMR spectrometek6.34
were rapidly quenched with liquid nitrogen and then theyT). Solid-state two-dimensional spin ech@DSB *°C

3. 1%C NMR spectroscopy

were again heated at the same rate. CPMAS NMR measurements were performed on a Varian
Unity400 FT NMR spectrometef9.4 T) equipped with a
C. Solid-state NMR measurements double-resonance tunable MAS probe. The rf field intensities
L _ during the Hartmann-Hahn cross polarization were set at 50
1.°H solid-state NMR spectroscopy kHz for the'H and °C channels. The contact time for the

We carried out variable frequency proton longitudinal re-Cross polarization was 2.0 ms. The intensity of cw proton
laxation time(T;) measurements in order to investigate thedecoupling was 64 kHz. The recycle delay for all the experi-
spectral density function of fluctuation of the local field in ments was 5 s. The MAS speed was monitored and con-
HH-P4MeTz. The proton longitudinal relaxation times weretrolled by a personal computer with optical fibers. The prin-
measured using the following three methods: the saturatiorfipal components of the chemical shift tens¢@ST's) for
recovery methodT,y) for three Larmor frequencies of 25 methyl carbons were determined with 2DSE spectroscopy,
(0.59T), 270(6.34 T), and 400 MHZ9.4 T), the longitudinal  Which was originally developed by Kolbeet al® and ap-
relaxation time in the rotating frame of a radio-frequencyPlied to determination of CST components ‘é\gth small chemi-
field (Ty,),62 and in the dipolar order built up by the Jeener-Cal shift anisotropfCSA) by Asakawaet al”* A pulse se-
Broekaert methodT, ;)62 were measured at a resonance fre-duénce of (preparatiopt; /2-m-t;/2-acdtp) was used for
quency of 400 MHz. FofT,, measurements over a wide 2DSE measurements. The detailed set up for the 2DSE ex-
range of radio-frequencyrf) field, we made a home-built Periments was the following; the MAS speed was set at
probe with a solenoid type microcoil with a radius of 1.2 mm @r/2m=102525 Hz,128 values were collected, with 512
and a length of 2.5 mm. The intensity of the rf field was in 2cquisitions per, value, and the time increment in the
the range from about 43 kHz to 1.37 MHz. dimension was 123s (the increment for each/2 duration

The proton transverse relaxation tirig,) measurements Was set at the rotor cycle of 1/16
were performed at a resonance frequency of 400 MHz. The
two-pulse Hahn echo and the Carr-Purcell Meiboom-Gill Ill. THEORY
(CPMG) methods can be used to observe diffusionlike mo-
tions under the condition of local magnetic field gradient in a
crystal®® The experiments were performed as a function of A NMR spectral simulation program for 2DSE was writ-
echo time. If there is no diffusion, the apparéitby the ten inc language and performed on an IBM-AT compatible
CPMG method shows a fixed value independent of the echpersonal computer using a GNtJcompiler. Powder averag-
time. On the contrary, when diffusive motion exists the valueings were performed with random orientations with respect
of T, is changed with a variation of echo time. to the external magnetic field. The best fit simulation was

picked out by monitoring the value &f which is defined as

(2 X Inddmn)?

A. Spectrum simulation

2.°D NMR spectroscopy

We used a standard quadrupolar echo pulse sequence for
2D NMR measurements. The rf field intensity was set at 64 e=1- 5 5
kHz. The recycle delay for all the experiments was 30 s. > 2‘]mnz > o
Signal averagings were performed with 32-256 scans. The mon mon
echo time for quadrupolar echo measurements was set @atherelJ,,,andl,,, are the experimental and simulated signal
0.020 ms. intensities for thém, n)th spinning sideband. To describe the
For investigation of dynamic processes such as chemicajhemical shielding tensor, we used the spén and skew
exchange, cross relaxation, spin diffusion, and atomic hopt) 9 as well ass and 7.
ping motion, two-dimensional exchange spectroscopy has a
number of advantages over the one-dimensional techniques.
The 2DEX NMR method particularly provides valuable data
when trying to observe slow dynamics in solfdg364-66a 13C chemical shielding tensors of HH-P4MeTz were cal-
spatial motion of a certain atofer moleculg such as diffu- culated by theab initio self-consistent fieldSCP coupled
sion or reorientation is detected in the form of frequencyHartree-Fock method with gauge invariant atomic orbitals
change during the mixing timg,,. Moving nuclei experi- (SCF-GIAO,’®"* and second-order Mgller-Plesset GIAO
ence a change of resonace frequency between the beginnifigP2-GIAO).”? Tail-tail (TT) bi(4MeT2) were employed as
and the end of,,;, and thus create cross peaks, while staticmodel compounds for all the calculations and were opti-
nuclei without change of frequendgr moving nuclei with a mized by the MP2 method with the 6-31d3 basis set, and

B. Chemical shielding calculation
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ond ds-HH-P4MeTz, 5K/min.
W

2nd ds-HH-P4MeTz, 20K/min.
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ond HH-P4MeTz, 20K/min.

1st 50 0 -50

Frequency (kHz)
FIG. 3. 41 MHz?D duadrupolar echo NMR spectra for the

, . : . : powdered sample of perdeuterated HH-P4MeTz at various tempera-
250 300 350 400 450 tures (118-393 K. The dashed line is only a guide for the eyes.
Temperature (K) Axially symmetric spectra for the methyl deuterium atom wi),
rotation were observed below 300 K. Over 300 K, shoulder peaks
FIG. 2. DSC charts for powder samples of perdeuterated HHwere detected near the perpendicular edge singularities.

P4MeTz and naturally abundant HH-P4MeTz. The heating rate is )
shown in the figure. After the first heating scan, the samples wer€4MeTz at various temp?ratl{rdilg—393 _K‘- For the
quenched by liquid nitrogen. lower-temperature phase, in Fig. 3, an axially symmetric

character was observed in the quadrupolar powder spectra
for the methyl deuteriumatoms. On the other hand, the be-
havior of edge singularities over the transition temperature is
substantially different from that often found in melting of

(REV. A7) program packagé run on a CrayC916/12256 su- poly_mers; no averagingfor cases of commonly observed
percomputer at the Computer Center, Tokyo Institute Oimeltmg, a very sharp peak at the center of speciruras

Technology, and SGI Origin2000 or Fujitsu VPP2800 at theobserved in théH quadrupolar powder pattern and existence
Institute for,MoIecuIar Science in Okazaki, Japan of the axially asymmetric character or another quadrupolar
' ' coupling tensor was observed. This feature was observed

particularly at the perpendicular edge of the spectra with a
shoulder peak. So far, several mechanisms have been sug-
A. DSC measurements gested to explain the origin of such a slight changetof
adrupolar echo spectra.

First, Hiyamaet al. claimed that the electrostatic effect in
Amino acids causes the quadrupolar coupling tensor of deu-
erium to be asymmetri¢# It is difficult to explain our results

Ry the electrostatic effect, because the effect would be more
pronounced in the lower-temperature experiments, whereas
similar result was observed in an analog of P4R9Zurther- no asymmetry c_haracter was observed in the low-
more, another endothermal peak appeared at higher tempe}%_mpera}ture experiments on HH-P4M.eTz_. Secqnd, Schwartz
’ &t al. pointed out that théH-?H magnetic dipolar interaction

ture (>350 K) for perdeuterated HH-P4MeTz. The phalserenders théH spectrum asymmetri®. The effect of dipolar

transition at higher temperature is not due to recrystall|zat|ori1nteraction can be ruled out for the same reason as the elec-

because an increase of heat of fusion was observed with a0 . . . .
) ; .. Trostatic effect. Third, the asymmetric character is also ex-
increase of heating rate. It may be due to a deuteration NS 2ined by breaking of § symmetry, which was pointed out

duced phase transition, but one needs further investigation i ) )
order to clarify this phenomenon. In this article, we shall y Wann and Harbisoff: From Landau's theory of phase
) ; P s ' transitions, this possibility can be ruled out, because the sym-
give attention only to the phase transition near 300 K. X
metry group for the higher-temperature phase should belong
to a subgroup of the symmetry group for the lower-
temperature phase. Fourth, Kintareral. have shown that
In order to clarify the existence of the quasiordered phasethe spectrum can be affected by wagging motion, resulting in
2H quadrupolar NMR was performed for perdeuterated HH-showing the asymmetrdf. From density measurement and

the SCF-GIAO and MP2-GIAO shielding calculations were
carried out with a 6-31G basis set. All thé initio chemical
shielding calculations were performed with th@USSIAN 98

IV. RESULTS AND DISCUSSION

The thermal properties of natural abundant and perdeuteflu
ated HH-P4MeTz were examined by D$EIg. 2). The ther-
mograms indicate that for both the samples there is an e
dothermal peak with a specific heat jump near 30QTK).
This phase transition is due to an order-disorder phase tra
sition, namely, partial melting of face-to-faee stacking. A

B. ?H quadrupolar echo
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A similar 2DEX NMR spectrum could also be obtained
HH-P4MeTz at 288 K with various mixing time&). The cross- by the effect of spin dlfoSIOn between_deuterlum atoms in-
. . ; stead of molecular motioff. This effect is produced by the

diagonal (b) and the diagonalc) slice of the 2DEX spectra for . . .
flip-flop term between the spins, which is caused by mag-

HH-P4MeTz. Tightly fixed or rapidly moving methyl groups will Lo . . . ;
maintain the intensities of the diagonal peaks if exist. In our mea—netIC dipole-dipole coupling. In order to estimate the spin

suring time scale, such maintainance was not observed, indicatinﬂ'ﬁgs'on t'm(? 7sp for the Z,ero quantum transition, the fol-

that most methyl groups undergo the slow motion associated witfoWing equation was considered:

backbone twist. 1 1
— = —[H;]’L (0 — 0). 2
Tsp V2w

FIG. 4. The two-dimensional exchang® NMR spectra for

x-ray diffraction studies, motion of the methyl groups could

be substantially hindered if this exists. However, if partia||7-{ij|2 is the matrix element of the dipolar flip-flop term and a
melting of 7 stacking is present, namely, if a quasiorderedLorentzian shape is assumed for the resonance lines. Indeed,
structure is there, the nutation will occur on the methyl groupthe linewidth experiments using a CPMG analog for deute-
in association with a backbone twist. In such a case, twdgium show a Lorentzian shape with a full width at half maxi-
signals derived from the crystalline and the quasiorderednum of Af=10 Hz. Each term is given by

phases can be observed. From the above discussion, it is 9 (1 -3 cod)?

thought that the possibility of an asymmetric quadrupole ten- |Hij|2 ~ _y4h2—6'1_ (3)

sor can be ruled out and two methyl sites with slightly dif- 4 ij

ferent quadrupolar coupling tensors were observed. wherer;; is a typical distance between intermethyl deuterium
atoms andy; is the angle between thg direction and mag-
netic field H,. The value of ;| is estimated as 560 Kby

C. Two-dimensional exchange NMR using a typical distance between the deuterium atoms of 0.3

2DEX NMR was performed in order to explore more de- nm-
tailed molecular dynamics. Figure(a} shows the 2DEX ot . (TgQT)—l ot 1
NMR spectra for perdeuterated HH-P4MeTz at 288 K as a L@ —0) = im 29727 g2 ~ 2= @
function of t;,. The maximum frequency width between em0tl2 @ 77
cross peak$Awg) is increased continuously with an increase Here, Af is assumed to be equal to the homogeneous line-
of tmix [Fig. 4)]. It was shown that this corresponds to the width (10 H2). L“*?T(w—0) is estimated as 15 ms. Eventu-
increase of the reorientation angle of the methyl group anally, the spin diffusion timergp is estimated as 0.3 s. This
there exists a motion of the order of milliseconds in the crysvalue of 75p is about 40-50 times as large a§(=6.7 mg
tal. The frequency widthhwg is plotted as a function df,x ~ observed in the measurements. Therefore these arguments
in Fig. 5. Assuming that there is symmetrical two-site ex-confirm that the dominant effect that influences our 2DEX
change, the correlation tine,,) can be determined from the NMR spectra is not spin diffusion but molecular motion.
frequency width between cross peaks in the 2DEX NMR The diagonal signals reflect the quantity of immobile me-
spectra by fitting the plot to the following equatiéht® thyl groups or mobile groups with rotation much faster than
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1x108 T T T T T fluctuation of the local field is described as Lorentzian gives
the following spectral density function:
1x108 | 1
~ 0)'0-5 T
—~ 1x10% [ ] )=~ (f ore>1). (5)
o 1+(w7) W,
S’
e 1x102 | 1 ,
In the region wherd'; depends on frequendyo7.> 1), the
100 | . | relation Rlocw‘z §hou|d be realized. _Therefpre an alternativg
correlation function should be considered in order to explain
the dependence obtained by our experiments.
X102 1 So far there are several reports that showdh¥? depen-
dence ofR;. The ideas of the theories are roughly divided
1x10* L L L L . into two categories. First, assuming the existence of an in-
1x10 1x10% 1x10* 1x10® 1x10% 1x10 1x12 commensurate phase, the appropriate dynamic susceptibility

o/2n (Hz) of the classical damped harmonic oscillator type for the pha-
son branch leads to the *? dependence of the spin-lattice
FIG. 6. The frequency dependence of proton longitudinal relaxrelaxation raté?83At the same time, the theory also derives
ation rate for HH-P4MeTz at 288 K. Each symbol shows the resultositive proportionality ofR; to the temperature. Thus, this
of three different measurement techniques: the saturation-recovefeory can be ruled out, because a decrease,ofas ob-
method(closed circl¢, the spin-locking methodclosed trianglg served with an increase of temperature as shown in F&y. 7
the relationR; = w2 The wide range of frequency of the rotating based on a one-dimensional random walk mddetails of
frame was obtained by using a probe with a microcoil. The fre'this model are given in Ref. 24More generally, for the
quency of the dipolar order was determined by the Van Vleckweak collision limit(w7,<1), the frequency dependence of
second-moment method. R, is di ] N ) ' e . e
, is different for one-, two-, and three-dimensional diffusive
9 _ _ _ _ ~ motions®08t
Tmix- The signal intensity on the diagonal, however, dimin-
ishes and disappears with increasé,if [Fig. 4(c)], indicat- 2 1
ing that no rigid or too rapidly nutating methyl group com- AT}; ® (1D),
pared witht,;, exists and most of them undergo very slow R,={B7ln(w) (2D), (6)
motions at 288 K. Cr. - Erg’zwl’z (3D).

D. Proton longitudinal relaxation time
The proportionality constanta,B,C, andE depend on the

We performed variable frequency proton spin-lattice re- articular model of hopping motion on a given network of
laxation time measurements. The proton spin-lattice relax? ppIng g

. i ; . atomic sites. It is clear from Fig. 6 that one-dimensional
ation rate(T,;"=R;) as a function of the frequency is shown .. . . o .
in Fig. 6. The relaxation rate shows the dependenceof diffusive motion exists in HH-P4MeTz at our measuring fre-
;o . X SoE L uency. The following equation is obtained as a conclusion:
w12 This relationship betweeR; and w is in disagree- q Y gedq

ment with that predicted from the classical Bloembergen-

Purcell-PoundBPP theory/® The BPP theory in which the R; =M,f(w), (7)
3 10
(a) (b)
L
= }'lm
0 >
s ¢ WP
o
R
*
X R4
*e
1280 3(.)0 3é0 340 360 12.8 310 3j2 3j4 3.5
Temp. (K) Inv.Temp. (1000/K)

FIG. 7. The temperature dependence of proton relaxation rate over the temperature range from 290 to 355 K. Th®yakmpofes
smaller with elevation of temperatufa). The plot ofRf as a function of 10007 (b). When one-dimensional diffusion is responsible for the
behavior ofR;, Rf is proportional tor. [see Eq.(10)]. A thermally activated process of Arrhenius type was observed.
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FIG. 8. The dependence of transverse relaxation rate on CPMG echo time. The data for the two-pulse HaFfPHEhwere added to
the plots since the TPHE method is thought of as a CPMG experiment with infinite echo time. The solid lines denote the extrapolation of the
transverse relaxation rate at the short-time regime to the relaxation rate of the TPHE.

1 ap i 1 dispersion, localized waves propagate more rapidly than in-
fw) = NG (<77, (8  dividual waves. It can be stated that 2DEX NMR is sensitive
v to the local motion of the backbone twist, namely, the nuta-
wherer is the correlation time identical to the inverse of the tion of individual methyl groupgwhich has the character of
diffusion rate andVl, is the second moment of the interaction a phase velocityand that thel; measurements are sensitive
that affects the relaxation. By fitting E¢7) to the result of to one-dimensional diffusive motion, namely, localized
Fig. 6, the diffusion rate is found to be 3+2 GHz. Surpris- modulation wavesggroup velocity.
ingly, the rate is on the order of seven times larger than the If the relaxation process is governed by thermally acti-
exchange rate obtained from the 2DEX NMR measurementvated molecular motions of an Arrhenius type, we can apply
Since longitudinal relaxation time measurements are serthe following expression:
sitive to molecular motion with smaller correlation time than
the 2DEX NMR, it may not be surprising even if the two -1 751 exp<— Ea>, (9)

methods(2DEX NMR vs T;) show a huge difference in the Te KT

correlation time. and if the diffusive motion keeps one-dimensionality in our

In the case of undopediranspolyacetylene, one- measuring temperature range, from E.and (8)
dimensional electron hopping affects the longitudinal relax- 9 P g€, ' '

ation time and the diffusion rate is found to be on the order 5 E,

of 10'2-10" Hz at room temperature by applying the one- (R 7= 79 eXP<+ ﬁ) (10)
dimensional random walk model. It is difficult in the present

study to estimate the second moment by taking into accouns valid. As Fig. Tb) shows, the correlation time follows the
the electron spin-spin interaction and hyperfine contribution,

because the amount of free electron per unit cell that is pro- 10
portional to the second moment is not known. If mobile elec-
trons govern th@; measurements, the relaxation rate should
become large with increase in temperattirédowever, as
shown in Fig. Ta), such dependence was not observed for
HH-P4MeTz. Furthermore, we observed a large attenuation
of signal intensity at diagonal positions in the 2DEX NMR
spectra(see abovg which implies the absence of possible
high-frequency motions sensitive to longitudinal relaxation
time measurements.

Taking into account the absence of high-frequency motion
in the 2DEX measurements and one-dimensional fluctuation
in protonT; measurements, we can reach one plausible can-
didate to explain the huge difference in the correlation time,
which is wavelength dispersion of the modulation waves. FIG. 9. The variation oR, observed by TPHE as a function of
The distribution of wave number produces a localized wavaemperature nedabove T.. A thermally activated process was ob-
packet by spatial superposition. In materials with anomalouserved and the activation energy was found to be 2.9 kcal/mol.

E, = 2.9 keal/mol

RZTPHE (5-1)

26 28 3 32 34 36 38 4
1000/T (K"
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(a) (b) 121228 T T

*CHs
N S

S

FIG. 10. The model compound
for quantum mechanical chemical
shielding calculation(a). Chemi-
cal shieldings for the carbon at-
oms marked with an asterisk were
calculated. The two methyl carbon
atoms in TT-P4MeTz are elec-
tronically equivalent. The MP2

N energy for HH-P4MeTz as a func-
*CH3 '1212310 slo 1;0 B tion of backbone twist of3 (b).

121228

-1212.30

Total Energy (Hartree

Energy Difference (kcal mol™)

Backbone Torsion Angle P (deg.)

Arrhenius law above the phase transition temperature and thieed, the restricted diffusion model can be applied:
tivati is found to be 3.4 kcal/mol.
activation energy is found to be cal/mo RIPHE o DL, (11)

For largerr (>40 us) we also observed the decreaseRyf
with an increase of. The behavior oR, can be understood
We report the results of proton transverse relaxation timdy Axelrod and Sen'’s theory, which treats restricted diffusion
measurements in order to verify whether diffusive motionof magnetization by the Bloch-Torrey equatié$nErom the
really exists in HH-P4MeTz. One can gradually incorporatetheory, the short-time regime <40 us) is dominated by the
the effect of diffusion into the transverse relaxation timediffusion process. For larger echo time, the diffusion of the
measured with the CPMG method with an increase of echenodulation waves reaches boundariésg., pinning of
time (7). In the results of CPMG measurements in HH- modulation waves due to defects or interphase between the
P4MeTz (Fig. 8), we observed the gradual increaseT@1 crystal or amorphous phase and the quasiordered strlcture
(=R,) for smaller7. The result of TPHE measurements wasand the relaxation behavior corresponds to the localization
added to the plot since this method is thought of as a CPM@egime, where no diffusive character was observed. There-
method with infinite echo timéR,"*E~lim,_.RS"M®). The  fore the diffusive motion in HH-P4MeTz was confirmed by
decay function of the TPHE for HH-P4MeTz was exponen-proton transverse relaxation time measurements. Considering
tial at first orde$® and the apparent transverse relaxation timethe interchain face-to-facer-stacked structure, we can at-
R;PHE is much larger than that of the CPMG measurementstribute the diffusion not to a class of molecular diffusion like
From the arguments by Robert$érand Le Doussal and chain diffusion, but to diffusion of the conformational modu-
Serfd it is known that when these two conditions are real-lation waves related to the backbone twist. The behavior of
the temperature dependence RY "E obeys the Arrhenius
b) methyicarbon law. Therefore the following relation comes from EG1):

aromatic ~—Me1 E
’ \—Me2 R}PHE« D1=Dg! exp<+ k—_?_) , (12

T — and the activation energy was found to be 2.9 kcal/(Rd.

E. Proton transversal relaxation time

a)

2°‘(’3h ,‘C§I°Shm:°° . 5‘;MS) 0 C::’mi;"sm‘f:’( °) 9). Moreover, amab initio molecular orbital calculation with
orical ST fppm om e the MP2/6-31Gd) method of TT-4-methylthiazole dimer
c) exp. sim. d  exp. sim. (geometry optimized by the same basig sébws an activa-
me-2 me-2 tion energy of 3.0 kcal/mol for the backbone tw(iEig. 10.
m=-1 ' m=-1 N : F. 13C CPMAS and 2D spin-echo NMR spectrosco
meo b bbb " P i

Figures 11a) and 11b) show the'®C cross-polarization

L g ey~ T and magic-angle sample spinning spectra for HH-P4MeTz

m=+2 m=4+2 at 293 K. For the spectrum, only signals derived from methyl

b b carbon atoms appear over the shift region of 15-21 ppm. It
4m1 is worth pointing out that the shoulder signal of the

methyl carbon atoms is observed at 17 ppm. Although the
previous x-ray diffraction stud§ suggests that there exists
FIG. 11. 67.9 MHz3c cross-polarization and magic-angle an eIeCtronicaIIy Unique methyl carbon in the unit cell of
sample spinning spectra for HH-P4MeTz at 2934, (b). (c),(d) HH-P4MeTz, the NMR spectrum indicates that there exist at
100.0 MHz observed and best fitted simulated solid-sté@etwo-  least two electronically distinct methyl carbon atoms.
dimensional spin-echo CPMAS spectra for the methyl carbon atoms The chemical shielding tensor is more informative than its
in HH-P4MeTz(Me,) (c); and HH-P4MeTZMe,) (d). isotropic shielding about the three-dimensional electronic

Frequency (kHz)
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TABLE |. Principal components of observed nuclear shielding tensors of the methyl carbon atoms in
HH-P4MeTz(units in parts per million from tetramethylsilane

Material 5iSO 511 522 533 1) n Qa Kb €
HH-P4AMeTZMe,) 20.1 29 23 8 -12 0.5 21 0.41 831073
HH-P4MeTZMe,) 17 28 17 6 -11 1.0 22 0.00 3x410°2

a8Span{) =381~ 533
PSkew k=3(8x~ Siso)/ (811~ 833

structure. It is difficult, unfortunately, to determine principal V. CONCLUSION
values of the CST for nuclei with small CSA's, such as me-

thyl cgrbon gtoms. Ir) order to gain further insights into the  gq)ig-state dynamics of regioregulated HH-P4MeTz was
chemical shielding difference, we performed solid-std@ investigated by various solid-state NMR spectroscopies.

two-dlmens_lonal Sp.'n'eChO CPMA.S measurements and ©sc measurements show that both natural abundant and per-
tracted the information about principal values of the CST for

the methyl carbon atoms. Figures(diland 11d) show the deuterated HH-P4MeTz have a phase transition near 300 K.

2 .
solid-state 2DSE spectra and the best fitted simulated spectr%]e D quadrupolar NMR spectra at various temperatures
also suggest that a phase transition from the crystalline to the

for the methyl carbon atoms in HH-P4MeTz. The values of ) . .
error parametee were determined as 8:310° for the Mg, quasiordered phase occurs. The two-dimensional exchange

of HH-P4MeTz and 3.% 10°2 for the Me, of HH-P4MeTz, NMR experime'n'ts revealed Fhat .motion of methyl groups on
respectively. Table | summarizes the observed principal com’€ order of milliseconds exists in HH-P4AMeTz and the ex-
ponents of the chemical shielding tensor for the methyl carchange rate of this motion was estimated 7g5=147 Hz.

bon atoms in HH-P4MeTz. It is realized that the chemicalFurthermore, the relationship;R ™' was observed from
shielding anisotropies for the two distinctive signals of theproton longitudinal relaxation time measurements, which
methyl carbon atoms in HH-P4MeTz are quite different frommight be due to the one-dimensional diffusionlike motion of
each other. Each principal component for the;M@gnal is  conformational modulation waves related to the nutation of
less shielded compared to those for the,Mignal. This is  methyl groups along the chain. Existence of the diffusion of
most pronounced for the midfield componehs; the differ-  modulation waves was also confirmed from proton trans-
ence is approximately 6 ppm. This dominates the other prinverse relaxation time experiments. We obtained the diffusion
cipal components and gives the isotropic shielding differenceate of 3+2 GHz by calculating the dynamic susceptibility
of 67%. We found that the inhomogeneously broadened sigwith the assumption of a 1D random walk. The discrepancy
nal of the methyl carbon atom is due to rearrangements Obetween the results of tiig measurements and 2DEX NMR
the b_ackbone torsion in the crystalline Iatticg, namely, due.tqnay be due to the anomalous dispersion of the modulation
coexstence _of the quasmrdered phase wlth the crys'gall_m@,ave_mc CPMAS NMR measurements, an analysis of the
phase, in which the polymer chains stack in a manner similagincinal components of the CST for the methyl carbon at-
to the crystalline polymers but the-m interactions are g getermined by the 2DSE measurements, and a chemical
weaker. With the consideration of the results of 2DEX, theshielding calculation show that there exists a quasiordered

?atjlﬁlr?:aoﬁgseg phase might dynamically coexist with the Crysbhase in HH-P4MeTz and that the backbone twist is highly

The experimental results dfC CST are further under- Coréfé?;egggghggelz)? Et'cl)g r;Lrjlt(;ﬂtlr?ng T. measurements. it
stood by arab initio chemical shielding calculation. In Table 1 '

Il 'an averaging of the shielding tensor with respecBtwas Is also found that HH'P4M?TZ has an gnomalous dispersion
carried out considering the Boltzmann factor. The experiOf the modulation wave. This research is an example of mea-
mental chemical shielding for the methyl carbon atom inSUring phonon dispersion by NMR. Such dynamics may be
HH-P4MeTz is qualitatively reproduced by variation of the détectable due to the existence of distinctive one-
backbone twist in the quasiordered phase_ dimensional fluctuation |nT'C0n]Ugated SyStemS.

TABLE II. Principal components of calculated absolute nuclear shielding tensors of methyl carbons in
HH-P4MeTz(units in parts per million

Model Method Oiso 011 099 033 ) 7 Q K
s-trans SCF 186.7 178.2 180.4 201.4 -14.7 0.150 23.2 0.814
Averaged SCF 189.8 180.3 184.5 204.4 -14.6 0.288 24.1 0.6 60
s-trans MP2 190.6 181.2 184.4 206.3 -15.7 0.204 25.1 0.7 41
Averaged MP2 194.2 184.1 188.7 209.8 -15.6 0.295 25.7 0.6 42
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