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Local Packing Disorders in a Polymer Crystal by ated interactiof? and two-phase pulse modulated (TPPM)
Two Dimensional Solid-State NMR decoupling to the iP3M1B crystal at a low temperature of 233
K. Consequently, we succeeded in significant improvement in
. : e Wi + . . . + NMR spectral resolution and will investigate the packing struc-
Toshikazu Miyoshi,™" Wei Hu," and Hideaki Hagihara tures included in the iP3M1B crystal through the resolved NMR
Research Institute of Nanotechnology and Research signals. We conclude that a combination of symmetry of space
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are sources in the different packing structures, and local packing
disorder is interpreted in terms of NMR signal intensities.

Figure 2 shows thé3C high-resolution melt-staf@and SS
Receied March 1, 2007 NMR spectra for iP3M1B, and the signal assignment is referred
Revised Manuscript Receed August 3, 2007 to in the literaturé>26.27In the case of the melt state, individual
carbons show almost single resonances which were attributed
Isotactic polyolefins are semicrystalline polymers, and the to a highly stereoregular iP3M1B withram > 96%26 High-
polymer chains in the crystalline regions adopt helical confor- resolution SS NMR spectrum was obtained by incorporating a
mations with right R) or left (L) handed senses, and it is possible H spin-lattice relaxation time in the rotating fram&.) filter
for the chains to independently adopt upward or downward of 15 ms, which filters out the amorphous signals, and
orientations along-axis~5 Upward and downward orientations ~ consequently, selectively observes the crystalline signals. The
are defined in terms of differences between zlt®ordinate of crystalline signals show different chemical shifts from those in
the first lateral carbon, which is directly connected to the main- the melt state, reflecting rigid4helical conformations. In
chain CH carbon, and thecoordinate of the main-chain CH  addition, the C4 and C5 signals show a chemical shift separation
carbon. This disorder commonly occurs in stereoregular crystal- of ~ 6 ppm. The C5 carbon showgsuche-gaucheconforma-
line polymers. The crystal structure of isotactic-poly(3-methyl- tions with respect to the two C1 carbons in thepositions,
1-butene) (iP3M1B) has been investigated by XRDW All whereas the C4 carbon hasrans—gaucheconformation with
XRD results commonly indicated that iP3M1B adopts uniform respect to the two C1 carboh3herefore, the observed upfield
4, helical conformations. The most recent XRD investigation shift of the C5 signals is interpreted in terms of one additional
by Corradini, P. et al. revised that four uniform Helices are ¥ gaucheeffect!®28In addition, the main-chain signals of C1
packed into &2;/b monoclinic space group with unit parameters and C2 show almost a single resonance with relatively broad
ofa=9.55b=17.08,c=6.84 A, andy = 116.2;5 however, linewidths compared with those of the side-chain signals. On
they could not conclude that either full limit order or full limit ~ the other hand, the side-chain C3, C4, and C5 signals apparently
disorder related to the up and down orientations in the iP3M1B show 3, 5, and 3 distinguishable peaks, each signal spanning a
crystal existed, due to insufficient fiber diffraction resolution. chemical shift range of 2.4 ppm, due to the packing effects.
High-resolution solid-state (SS) NMR has been successfully It should be noted that the observed shift range due to packing
utilized for local structure analysis of polymers in the crystalline effect is the largest among the previously reported red#its.
region as a comprehensive tool of XRD analysidt18 The observed multiple peaks for individual side-chain carbons
Structural disorders such as conformations and regio- and stereoare coalesced into one at temperatures above 353 K, and all the
defects in the crystalline region have been quantatively char- main- and side-chain signals show maximum line broadenings
acterized by high-resolution SS NMR The packing structures  at further high temperatures (data are not shown). These line-
of the crystalline polymers were also investigated by high- shape changes are attributed to overall chain dynamics in the
resolution SS NMR-18 However, the observed NMR line  crystalline region, which is related to mechanical relaxatfon.
shapes were attributed simply to symmetry of space group in In addition, the DSC curve shows only one endothermic peak
full limit order, were not related with the packing disorders due with a melting peak center of 577 #.These dynamic and
to up and down orientatior$.This might be attributed to very ~ thermal results indicate the observed multiplicities in the side-
minor structural change due to substitution of up- and down- chain'3C signals arise from one crystal form.

ward chains and insufficient NMR Spectra' resolutions. There- We constructed two packing mode|5, name|y’ full limit order
fore, improvement of the spectral resolution would be a key to and full limit disorder, on the basis of the previous X-ray reuit.
elucidating real packing structures as well as further SS NMR |n fyll limit order, iP3M1B chains at individual sites show one
analysis for understanding the crystal structures. In the pastgiven chirality with up- or down-ward orientation, namely, a
decade, a number of NMR techniques (e.qg., fast magic-angleright-handed chain with upward orientatidR ) or alefthanded
spinning (MAS);?°powerful decoupling; very high magnetic  chain with downward orientatiorLg). The atomic coordinates
field,”> and 2D chemical shift correlatiofis®) have been  in our study are consistent with the previous XRD analysis. In
developed to improve spectral resolution and/or sensitivity. thjs full limit order, low symmetry of unit cell provides two
Combined use of modern techniques may allow us to obtain types of the packing structures. For examp|e, two types of C5

further structural information for the polymer crystals. carbons labeled by C5I and Il and colored by red are shown in
In this communication, we apply two-dimensional (2D) Figure 1a. The different packing structures lead to different
refocused*C—13C INADEQUATE technique througti-medi- atomic distances (carbertarbon and carbenproton) with the
adjacent chains. Here, we simply show the carboarbon
* Corresponding author. E-mail: t-miyoshi@aist.go.jp. atomic distances depending on the packing structure, since we
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Figure 1. Two packing structures for full limit-order (a) and full limit-disorder (b) models proposed by XRD andly$is.C5 and C4 carbons
in site 1 are colored by red and green, respectively. In full limit order, C5I and C5II carbons in site 1 show closest and second closest contact
distances of 3.83 and 3.84 A, respectively, with the carboris;ahain in site 3, and 3.52 and 3.62 A with carbond gin site 4, respectively.
In full limit disorder, C5I, C5II, C5lIl, and C5IV carbons show closest and second closest contact distances of 3.83 and 3.84 A with respect to the
carbons in the adjacent chains (counter chiinsite 3) and 3.72 and 4.40 A site 3); 3.52 and 3.62 AL, site 4) and 3.56 and 3.70 A site
4): 3.94 and 4.04 AR, site2) and 4.06 and 4.16 AR, site 2); and 3.56 and 4.02 A site 4) and 3.52 and 3.84 A ( site 4), respectively. The
full limit-order model shows two environments of packing structures, whereas the full limit-disorder model indicates eight environmentsl The soli
and dotted arrows indicate the closest and second distances, respectively, with respect to the carbons in the adjacent chains. The two models were
prepared by Chem Draw ver. 9.1.

Cs upward and downward orientations statistically occur in indi-
." C?b Cc4 vidual sites. The procedures for substitutions of up and down
0,0\\'@2 /, ® chains are the following: First, the original chains are rotated
| , $Cl by 18C around an arbitrary axis in the plane includicgxis,
P‘ C4 c5 M ® and which is perpendicular to tlweaxis and parallel td-axis.
| | ' | | N . Then, the rotated chains were translated aloraxis so that
‘ﬂ | Qb @ each methyl carbon has the sameoordinate with one of the
||J|LKI| original chains. These procedures are the same as in the original
work® and other systems such as isotactic polypropylemel
isotactic poly(1-butene)We did not perform further structural
energy minimization on the full limit-disorder structure. In full
Cl C3 C4 limit disorder, as shown in Figure 1b, C5I and C5Il carbons
2 C5 show the same distance sets as those in the limit-order model.
In addition, we obtained two more distance sets with respect to
the side-chain carbons of contrary orientation of the counter
(a) chain, in site 3 (3.72 and 4.40 A) and those of thechain, in
PO L | LIL Plove s site 4 (3.56 and 3.70 A), respectively. In addition, orientation
50 40 30 20 10 disorder in site 1, say that, replacing tRg chain by theRy
Chemical shift / ppm chain, apparently induces two additional environments for the
Figure 2. 13C high-resolution (a) melt-state and (b) SS NMR spectra C5 carbons, namely, C5lll and C5IV as shown in Figure 1b.
for iP3M1B at 588 and 233 K, respectively. The melt-state and SS The C5IIl carbon of théRy chain in site 1 shows the different
g‘é\gr‘; Sep;?g;e"t";rﬁs?r?tai”:: d%t;‘:’ﬁﬁ dc':/LI;HbIZe?gsiniﬁgeKrﬁRhAt\grﬁNgaiur distance sets of 3.94 and 4.04 A, and 4.06 and 4.16 A with the
probeF')s, respectively. I?] the melt state, the experimental %onditigns are: lde.-chaln C_arbons of th(_a C_Ounmande chains, respectively,
as follows: MAS, 3.5 kHz; 90pulse, 4.5s; recycle delay, 500 ms;  in site 2 (Figure 1b). Similarly, the C5IV carbons have two
acquisition (ACQ) time, 150 ms; continuous wave decoupling, 50 kHz; distance sets of 3.56 and 4.02 A, and 3.52 and 3.84 A with
NS i e o e o S5 . s " 1E5PECL 0 the side-chaln carbons n e and L, chans,
relaxation tirﬁe in the r)(l)tating framd fu) filtgr with a spin-locking _respectlvely, in site 4. The obtained distance sets are summarized
time of 15 ms under a field strength of 65 kHz, which suppresses in Table 1. The structural factors both of low symmetry of
amorphous signals, was utilized for obtaining a high-resolution SS NMR monoclinic and orientation disorders result in a total of eight
spectrum of pure crystalline signals. The other exper_ime_ntal cond_itions packing structures with different distance sets. The same number
!V%i;arseggévz: ell\gﬁslfrseg?irgé ﬁ#g%‘iﬂffﬁgﬁﬁg%gg&gm]eg” of contact-distance sets is obtained for the side-chain C4 carbons.
70 kHz. A signal assignment is also inserted. Here, note that our contact-distance analysis is limited to two
close contact distances from one adjacent chain, and remote

work will be published in a future. The C5I carbonRf chain distance effects from the other chains are ignored. Under these
in site 1 shows the closest and second closest contact distancesonditions, full limit order and full limit disorder models provide

of 3.83 and 3.84 A, respectively, with the side-chain carbons WO and eight packing structures, respectively. The number of
in adjacentLq chain in site 3. On the other hand, C5Il carbon P€aks, 3, 5, and 3, for the C3, C4, and C5 carbon signals,
in site 1 shows the closer packing structure with the distances"€SPectively, in the high-resolution SS NMR spectrum are not
of 3.52 and 3.62 A, respectively, with the carbons in the adjacent consistent with the expected results from the two limit models.
Lq one in site 4. Presence of two packing structures reflects  Figure 3a shows the 2D refocus€€—13C INADEQUATE?®

low symmetry of monoclinic lattice. In full limit disorder,  spectrum for the iP3M1B crystal at 233 K. Thig, filter was
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Table 1. Closest and Second Closest Contact Distances for C5 signal assignment in the literatut®26: 27Figure 3b shows the
Carbons with the Side-chain Carbons of the Neighboring Chains in expanded side-chain regions &C—13C correlation peaks
Unit Cells of (a) the Full Limit Order and (b) the Full Limit be?ween C3 and C4 cargons and C3 and C5 carb(?ns reflect
Disorder Models ) ‘ S
different packing structures of individual carbons. Among them,
— C5 signals show eight highly resolved signals. The observation
. 283 (2)8":1“” Limit Order L e 3 of distinct eight peaks in the 2D shift correlation should be
o a ¢ SHie attributed to wide chemical shift dispersions of individual side-

distance/A counter chain and site fo.

csli 3.52,3.64 Lg, Site 4 hain sianals ¢ 2.4 The obtained ber of s |
(b) Full Limit Disorder chain &gnasﬁ h ppm%). efo ak'.ne nhumber o.peﬁ Sf'S”
csl 3.83, 3.84 Ly, site 3 consistent with the number of packing structures in the fu
3.72, 4.40 Ly, site 3 disorder model for the iP3M1B crystal. On the basis of the
Csll 3.52,3.64 La, site 4 chemical shift values acquired by 28C—13C INADEQUATE
3.56,3.70 Ly, site 4 i i ; ;
sl 3,94 404 R: uite 2 tedchrl[que,.V\;]? éan optaln p?(pljtla%scgfllthe ﬁlght peatlgs by
4.06. 4.16 Ry, site 2 adopting eig aussian peaks to ine shapes in the
C5IV 3.56, 4.02 Ly, site 4 high-resolution SS NMR spectrum. The population is distributed
3.52,3.84 Ly, site 4 between & 3 and 21+ 4% (data are not shown) and is largely
aSee packing structures in Figure 1. different from the 12.5% expected from the full limit-disorder

model®> The number of resolved peaks and populations of the
individual peaks obtained in this study clearly show that local
packing structure of the iP3M1B crystal is not full limit order,
full limit disorder, or an intermediate between them, but a
disordered one. The observed disorders in the packing structures

incorporated into the pulse program, which selectively observes
13C—13C bond correlation in the crystalline signals. This low-
temperature enhances the NMR signal intensity by a factor of
1.5 compared with that at ambient temperature, and thus, atota'are directly correlated with the polymer chain arrangements in
experimental time of 9 days achieves adequate INADEQUATE h |3|/ | I poly 9
intensities for the iP3M1B crystal even in natural abundance. the crystalline lamella.

This technique yields correlation signals between the nuclei In summary, we have succeeded in obtaining eight different
connected by a covalent bond. For such spins, the correlationpeaks for the side-chaif*C signals in iP3M1B crystal by
signals appear at summation of chemical shifts of the carbon applying 2D refocused®C—3C INADEQUATE NMR tech-
pairs due to double-quantum (DQ) coherence in the niqgue and TPPM decoupling at 233 K. The obtained peak
dimension, while the signals appear at each single-quantum (SQ)umber was well described in terms of different packing
chemical shift in thev, dimension. DQ and SQ shift correlations  structures both of low symmetry of space group and up- and
considerably enhance the spectral resolution. Figure 3a showsdown-orientation disorders in the iP3M1B crystals. This is a
all the bond-connected pathways from-&22 to C3-C4 and preliminary result on the local packing disorders of the polymer
C3—C5 carbons. These pathways are in agreement with the crystals by modern SS NMR analysis. We are interested in other,
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Figure 3. 2D refocused3C—3C INADEQUATE? spectrum for whole signals (a) and expanded side-chain signals (b) for the crystallized iP3M1B
sample at 233 K. The spectrum was obtained at 75.6 MHz on a BRUKER AVANCE 300 spectrometer, equippeed withdouble-resonance

probe. A total of 128; points with 3072 scans were obtained. The recycle delay was 1.5 < délay was set to 3.75 ms. The total acquisition

time was 9 days. Time averaging was applied using a loop counter in order to suppress changes in NMR conditions. Quadrature detection was
achieved by the TPPI method. The other experimental conditions were as follows: MAS frequency, 3 kHz; CP, 1 ms; TPPM decoupling, 70 kHz;
180 pulse, 8.5us. The lines represent bond connectivity.
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unresolved questions about the iP3M1B crystal structures (9) Turer-Jones, A.; Aizlewood, J. M. Polym, Sci., Part BL963 1,

; ; o ; ; ; ; 471-476.

'”C"f(d'rlg tphe f°"°"|‘:!“9' (tl) '? I po?ssgle;o a.sségn.dthelm”"'i.'e (10) Huguet, M. GMacromol. Chem1966 94, 205-227.

peaks 1o e pa(? ing structures? ( ), re in 'V.' ual pac '”9 (11) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State NMR

structures mixed in short range or making domain structures in and PolymersAcademic Press: London, 1994.

the crystal lamella? (3) If individual packing structures are (12) Bulnn, A-:gcé%d% gg. Eééé; Harris, R. K.; Packer, K. J.; Say, B. J.
; ; ; ; ) Polymerl , 694— .

making domains, What size are the domain structures (4) How (13) Saito, S.: Moteki, Y.. Nakagawa, M.: Horii, F.. Kitamaru, R.

do the polymer chains arrange in the bulk and single-crystal Macromoleculesi99Q 23, 3256-3260.

lamella under different crystallization conditions? (5) Is there a (14) caldas, V.; Morin, F. G.; Brown, G. Rlagn. Reson. Chem994

relation between local packing structure and molecular dynam- 32, 872-579.

ics? These questions are common in polymer crystals and have (1%) Eg;gf!%gé\" Busico, V.; De Rosa, QMacromoleculesl995 28,

never been unresolved on a molecular level. We are currently (1) pe Rosa, C.; Capitani, D.; Cosco, BacromoleculesL997, 30,

performing further experiments on selectivel§C labeled 8322-8331.

iP3M1B for obtaining inter-site correlations by 2D SS NMR.  (17) Miyoshi, T.; Hayashi, S.; Kaito, A.; Imashiro, Macromolecules

; ; 2002 35, 2624-2632.
Some answers related to the above questions will be reported (18) Maring, D.: Whilhelm, M.: Spiess, H. W.: Meurer, B.. Weill, G.

elsewhere. Polym. Sci., Part B: Polym. Phyg00Q 38, 26112624
(19) Andrew, E. R.; Bradbury, A.; Eades, Rature (London)L958 182,
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