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For M = 11,000, ro - 74 A. If we assume that the molecules 
extend over a region of about twice r!, then the upper limit of 
the domain diameter is about 300 A. The diameter of the 
domain calculated from the chord length through the styrene 
phase is well within this limit. 

Electron micrographs have also shown that in some in- 
stances S-B-S block copolymers have a regular hexagonal 
arrangement. Extrapolating from the electron microscopic 
work on the very thin film, it is very tempting to assume that 
this regular array of domains is also the structure of the bulk 
copolymer. Lewis, et al.,5 and McIntyre, et a1.,4 have indeed 
proposed a macrolattice structure of polystyrene domains 
from SAXS studies on the S-B-S block copolymer. In their 
analyses of the scattering data, they have both assumed that 
intensity maxima correspond to the maxima of the interpar- 
ticle interference function. As pointed out, this is true only 
for perfect crystals and does not apply to a fluid or amorphous 
polymer, since “the position of intensity maxima depends in a 
very complex way on the structure of the arrangement of the 
particles and on the particular structure of each particle.”21 
So before we can use the analyses of Lewis, et al., and McIn- 
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tyre, et al., we have to establish by independent means that a 
three-dimensional superlattice is the structure of S-B-S block 
copolymer. 

It has, however, been shown that this block copolymer does 
have a structural regularity of styrene domains when processed 
in a certain way. With an extruded rod of S-B-S block co- 
polymer, Keller, et al.,** have observed a single-crystal pattern 
of hexagonal structure when the X-ray beam is parallel to the 
extrusion direction. They concluded that these patterns were 
caused by the hexagonal packing of very long cylinders lying 
parallel to the extrusion direction. But the existence of such 
remarkable ordering phenomena in the bulk state of an S-ES 
block copolymer in which no orientation was induced has yet 
to be proved. 
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ABSTRACT: The highly 1,4-trans tactic polymerization of 2,3-dichloro-l,3-butadiene and 2,3-dimethyl-l,3-butadiene in 
thiourea canals by y irradiation is supported by structural evidence based upon crystal structure analyses of the monomer- 
thiourea complexes, the polymer-thiourea complexes, and the resultant polymers for both the dienes. The canal polymeriza- 
tions of both the dienes are analogous to each other from a structural viewpoint. The monomer-thiourea complexes are 
stoichiometric compounds; the mole ratio of thiourea and the monomers is 3 : 1 .  In other words, two monomers occupy the 
canal period of 12.5 A. The monomers are included in the thiourea canals, which are evidently deformed from the well-known 
honeycomb-like hexagonal prisms. The crystals have monbclinic symmetry P21/a. The deformation of the thiourea canals is 
attributed to the molecular shape, size, and packing mode of the guest molecules. The packing modes of the monomers and 
the deformed canals are favorable for 1,4-trans tactic polymerization, and polymerization in the canals can be performed with 
only a slight change of the canal shape and size. The resultant polymer-thiourea complexes are nonstoichiometric com- 
pounds, but the space group is again P21/a as in the monomer complexes. The 1,Ctrans tactic polymer chains in the canals 
take a nearly T-S-trans-S conf9rmation (T, trans; S and s, clockwise and counterclockwise skew forms, respectively), the 
identity period of which is 4.80 A. 

adiation-induced polymerization of various monomer- R urea or monomer-thiourea complexes is very attractive 
as a unique polymerization method. Presumably, mono- 
mers polymerize in urea or thiourea canals subject to a 
spatial control which may be different from steric controls by 
catalysts. But it is still not beyond the stage of speculation 

, as to what the structures of the complexes are and why a spe- 
cial control for polymerization is possible. It should be 
noted that urea was reported to form molecular complexes, 

(1) H. Clasen,Z. Elektochem., 60,982(1956). 
(2) I .  Sakurada and K. Nanbu, Kogyo KugakuZasshi, 80,307 (1959). 
(3) J. F. Brown, Jr., and D. M. White, J .  Amer. Chem. SOC., 82, 5671 

(4) D. M. White, ibid., 82,5678 (1960). 
( 1960). 

such as urea-oxalic acid,6 urea-dioxane,6 and urea-poly- 
(ethylene oxide),’ with entirely different structures from the 
well-known hexagonal canal structures of n-hydrocarbon- 
urea complexes.8 Unfortunately, most monomer-urea or 
monomer-thiourea complexes which are important in poly- 
mer chemistry are unstable or do not exist at room tempera- 
ture, and this seems to have prevented detailed study of this 

(5) J. H. Sturdivant, A. Schuch, and L. L. Merrit, Jr., American 
Crystallographic Association Meeting, Pennsylvania State University, 
1950. 

(6) 0. Redlich, C. M. Gable, A. K .  Dunlop, and R. W. Mlllar, J .  
Amer. Chem. Soc., 72,4153 (1950). 
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Figure 1. (a) X-Ray rotation photograph of 2,3-dimethylbutadiene-thiourea complex. The rotation axis is the long axis of the needlelike 
crystal. (c) %Ray fiber photoglaah of poly(2,3-di- 
methylhutadiene after removing thiourea from the single crystal of the poly(2,3-dimethylbutadiene)-thiourea complex. The halo in Figure 
l a  isoriginatedfrom theglasscapillaryandnotfromthesample. 

(b) X-Ray rotation photograph of poly(2,3-dimethylb~tadiene)-thiourea complex. 

w-, ,rn? 

Figure 2. Infrared spectra of poly(2,3-dichlorobutadiene) ob- 
tained by canal polymerization (top) and by a radical polymerization 
with azobisisobuthyronitrile catalyst (bottom). 

ourea-monor 
d i t  has becc 
1. .I 

problem. We have been aiming to elucidate the specificity 
of polymerization of some urea- or thiourea-monomer com- 
plexes from a structural viewpoint, and i t  has become clear 
that the structures of the complexes and hence the details of 
the mode of polymerization are by no means uniform but are 
peculiar to each monomer. 

In a previous paper9 we reported preliminarily that single 
crystals of 2,3-dichloro-1,3-butadiene-thiourea complex are 
transformed into single crystals of poly(2,3-dichlorobuta- 
diene)-thiourea complex by y irradiation, and that the poly- 
mer chains aggregated to form uniaxially oriented crystalline 
fibers upon removing the thiourea with boiling methanol. 
Furthermore, the X-ray crystal structure analysis showed 
that the resultant polymer had a highly 1,4-trans tactic con- 
figuration. The present paper is concerned with the detailed 
structural evidence for the specificity of thiourea canal poly- 
merization of two 2,3-disubstituted I,?-butadienes, ie., 2,3- 
dichloro-l,3-butadiene and 2,3-dimethyl-1,3-butadiene, based 
upon the structures of the complexes. 

Experimental Section 

Sample. For precise analysis of the crystal structures and the 
structural study of the polymerization, single crystals are necessary. 
In a previous papers the methods of preparation of (1) single crys- 
tals of the monomer-thiourea complex, (2) single crystals of the 
polymer-thiourea complex, and (3)' uniaxially oriented polymer 
samples from the single crystals of the polymer-thiourea complex 
were reported for 2,3-dichlorobutadiene. . The same procedures 
were applied in the case of 2,3-dimethylbutadiene. Both the mono- 
mer-thiourea complexes were grown as needle crystals from each 
methanol solution at -30". Radiation polymerization of the 
single crystals of the monomer-thiourea complexes was carried'out 

(9) Y. Chatani, S .  Nakatani, and H. Tadokoro, Mocromoleeules, 3, 
481 (1970). 

at -78" using y rays from a cobalt-60 source of the radiation lah- 
oratory of this university. Irradiation dose rate and total doses 
were 1 X 106-2.5 X IO5 radsihr and 2.5 X 10b5.0 X lo6 rads. re- 
spectively. 

X-Rav Mraction. Throunhout the mesent studv. Cu Kar radia- - .. 
tion was used. Single crystals used for X-ray diffraction were 0.2- 
0.3 mm in diameter and 5-10 mm in length. Diffraction intensities 
of the monomer-thiourea and polymer-thiourea complexes were 
taken by using Weissenberg photographs and were visually esti- 
mated by comparison with a standard intensity scale for layer lines 
of I = 0-3. The monomer-thiourea complexes are not stable 
at room temperature and so X-ray diffraction photographs were 
taken at -100" for 2,3-dichlorobutadiene and -120" for 2,3- 
dimethylbutadiene. Single crystals were exchanged for new ones 
for each layer line. Under such conditions polymerization by X- 
rays was substantially suppressed during exposure of the X-ray pho- 
tograph for intensity measurements. It should be mentioned that 
the monomer-thiourea complexes and hence the polymer-thiourea 
complexes, especially in the case of 2,3-dichlorobutadiene, appeared 
sometimes as twin crystals.' Therefore, samples free of twinning 
were chosen. 

The fiber photographs of the resultant polymers obtained by re- 
moval of thiourea were taken by a cylindrical camera. Figure 
la- shows the rotation photographs of the monomer-thiourea 
complex, the polymer-thiourea complex, and the fiber photograph, 
respectively, of the polymer of 2,3-dimethylbutadiene. The cor- 
responding photographs for 2,3-dichlorobutadiene were reported 
previous1y.a 

Small-angle X-ray diffraction photographs of the single crystal of 
the poly(2,3-dichlorobutadiene)-thiourea complex in rotation about 
the needle axis and the multant uniaxially oriented polymer sample 
were taken with a camera distance of 22.5 cm. 

Infrared Spectra of Polymers. Because of the lack of a suitable 
solvent for casting (only soluble in hot tetralin), films of polymer 
samples for infrared measurement were prepared by hot rolling the 
needlelike polymer samples at 80". The films of polymers thus 
obtained had dimensions of about 2 X 8 mm and 20-30-P thickness, 
so the infrared spectra were measured with a Hitachi EPI 2 micro- 
scopic spectrometer. 

Structural Specificity of Polymerization and 
Structures of Polymers 

With respect to the process of polymerization and polymer 
crystallization, the following characteristic features were 
found. (1) Polymerization occurs in single crystals of the 
monomer-thiourea complex whether the crystals exist with 
or without the mother liquid, provided that polymerization 
of free monomer in the mother liquid is prevented. (2) Poly- 
merization in the complex crystals takes place even if an  in- 
hibitor (N-nitrosomethylaniline and p-tert-hutylcatechol) is 
present in'the mother liquid. (3) Polymerization takes place 
without destroying the original single-crystal habit. This 
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TABLE I 
CRYSTALLOGRAPHIC  DATA^ 

DMB-TU PD M B-TU Cyclohexane-TU DCB-TU PDCB-TU 
complex corn p 1 ex complex complex complex 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Trigonal 
Space group P2da P21Ia P2da P2Ja R3c 
Cell dimensions, A a = 9.8 a = 9.91 a = 9.61 a = 10.40 ah = bh = 15.8 (a  = 

b = 15.9 b = 15.85 b = 15.54 b = 15.47 Ch 12.5 (b  = 15.8) 
c = 12.5 c = 12.5 c = 12.6 c = 12.5 (C = 12.5) 

= 114" 6 = 114.1" /3 = 114.0' /3 = 114.4" (/3 = 114.5') 
(at -100') (at -120") 

No. of molecules 
per unit cell 
Host 12 12 12 12 18 (12) 
Guest 4 5.2O 4 5.ZC 6 (4) 

gIcm3 
Calculated density, 1.31 1 .44c 1.20 1.22c 1.36 

a DCB, 2.3-dichlorobutadiene; PDCB, poly(2,3-dichlorobutadiene); DMB, 2,3-dimethylbutadiene; PDMB, poly(2,3-dimethylbuta- 
Ideal values satisfied when the canals are filled with diene); TU, thiourea. 

polymer chains of infinite length; see text. 
b Unit cell dimensions expressed by the monoclinic system. 

PDMBITU c ~ m p l i i l  

Wovenumber (cm-ll 

Figure 3. Infrared spectrum of poly(2,3-dimethylbutadiene) ob- 
tained by canal polymerization. 

feature was examined by X-ray diffraction. (4) When single 
crystals of the polymer-thiourea complexes were washed with 
boiling methanol to remove thiourea, the polymer chains 
aggregated to  form uniaxially oriented crystalline fibers. 

Brown and White3 have already suggested that poly(2,3- 
dichlorobutadiene) and poly(2,3-dimethylbutadiene) ob- 
tained by canal polymerization are highly 1,4-trans tactic, as 
deduced from infrared spectra and fiber identity periods in 
X-ray photographs. Figure 2 shows infrared spectra of two 
samples of poly(2,3-dichlorobutadiene). The polymer ob- 
tained by radical polymerization shows 910- and 1650-cm-' 
bands which are characteristic of 1,2 addition, while no such 
bands appear for the polymer prepared by canal polymeriza- 
tion. Figure 3 shows the infrared spectrum of poly(2,3-di- 
methylbutadiene) prepared by canal polymerization. Com- 
parison with the spectra of polymers obtained by an anionic'o 
or a Ziegler-type catalyst" shows that the 1620- and 890-crn-' 
bands for 1,2 addition and the 1200-crn-' band for 1,4-cis 
addition have disappeared in the spectrum of the polymer 
prepared by canal polymerization. The X-ray crystal struc- 
ture analysis of poly(2,3-di~hlorobutadiene)~ revealed that 
the molecular structure was 1,4-trans tactic and that the con- 
formation was a sequence of nearly T-S-trans-$ as shown in 
Figure 4, where T means trans and S and s are the clockwise 
and counterclockwise skew forms, respectively. Poly(2,3- 
dichlorobutadiene) and poly(2,3-dimethylbutadiene) obtained 
by canal polymerization and crystallization as mentioned 
above are different in crystal structure; the former is mono- 
clinic (a = 5.34, b = 9.95, c (fiber axis) = 4.80 A, /3 = 93.5", 
P21/a, two chains per unit cell), and the latter orthorhombic 
(a = 9.13, b = 13.00, c (fiber axis) = 4.70 A, P n ~ 2 ~ ,  four 

(10) H. Yuki, Y. Okamoto, and H. Takano, Po1j.m. J . ,  2,663 (1971). 
( 1  1) T. F. Yen, J .  Polym. Sci., 38,272 (1959). 

T 
oa 
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Figure 4. 
dienes): 
wise skew forms, respectively. 

Molecular conformation of poly(2,3-disubstituted buta- 
T, trans; S' and S ' ;  nearly clockwise and counterclock- 

chains per unit cell). 1 2  Nevertheless, the molecular confor- 
mations are essentially the same except for a minor difference 
in fiber period. Recently, however, poly(2,3-dichlorobuta- 
diene) subjected to hot rolling above 100" was found to form 
another crystal modification which is isomorphous to  that of 
poly(2,3-dimethylbutadiene), i.e., a = 8.81, b = 12.34, c 
(fiber axis) = 4.80 A, Pna2>, four chains per unit ce11.12 

Structures of Complexes 

Unit cell dimensions, space 
group, and mole ratio of host (thiourea) and guest (monomer 
or monomeric unit) in the monomer-thiourea and polymer- 
thiourea complexes for both the dienes are tabulated in Table 

Unit Cell and Space Group. 

(12) Y. Chatani, manuscript in preparation. 
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(b) 
Figure 5. Fourier projection along the canal axis: (a) 2,3-di- 
chlorobutadiene-thiourea complex, (b) 2,3-dimethylbutadiene- 
thiourea complex. . Contours are drawn at 4,6,8, . . . e A-=. 

I. The cyclohexane-thiourea complex,l8 which is the well- 
known honeycomb-like canal structure of a trigonal system, 
is also shown as a reference. Both the monomer- and poly- 
mer-thiourea complexes belong to the monoclinic system. 
But as already mentioned in a previous paper,s these mono- 
clinic cells and the trigonal cell in a hexagonal setting can he 
transformed approximately into each other hy the relations 

a = 2 / 3 a  + 1 / 3 h  - 113ch 

b = &  

c = -a 
The values in parentheses for the cyclohexane-thiourea com- 
plex in Table I are cell dimensions represented tentatively hy 
the monoclinic system. The cell dimensions of these com- 
plexes are, however, slightly different from each other, re- 
flecting the shapes and' sizes of guest molecules. From sys- 
tematic absences of reflections, the space groups of all the 
complexes are uniquely determined to be PZl/a-Czn3. The 
mole ratios of host and guest molecules were decided hy X- 
ray crystal structure analyses, as shown later in this paper. 
I t  is noteworthy that the mole ratio.estimated by weighing or 
elementary analysis of polycrysalline samples is not always 
reproducible, and it is concluded that this leads to erroneous 
conclusions because of incompleteness of complex formation, 
escape of guest molecules, and specific surface effects of fine 
crystallites. 

Crystal Structures of Monomer-Thiourea Complexes. We 
suggested from (hkO) Patterson synthesis of the poly(2,3- 
dichlorobutadienetthiourea complex that the gross canal 
structure of the thiourea molecules is essentially the honey- 
comb-like structure, which is deformed from a regular hexag- 
onal prism, and that the polymer chains in the canals orient 
in a definite fashion about the canal axis (e axis).s Such in- 

(13) H. U. Lennd, Aero Crystallopr., 7,1(1954). 

A 

n 

4 

-.~-." ". ". ... " -.,l.l. " ". _,_ ". 
methvlhutadienethiourea comolex. Thick lines indicate rnonc- 
mers. 

formation was confirmed and refined by Fourier syntheses and 
subsequent least-squares method for these complexes. The 
results are presented here. 

Figure 5 shows the Fourier projections along the canal axis 
of the 2,3-dichlorohutadiene- and 2,3-dimethylbutadiene- 
thiourea complexes. Figure 6 shows the crystal structure of 
the 2,3-dimethylhutadiene-thiourea complex. In both the 
cases the canal structures of the thiourea molecules and ar- 
rangements of monomers are quite analogous. The canal 
sections are deformed from a regular hexagon. Moreover, 
the monomers orient in a definite fashion in the canals; a 
possibility of time- or space-averaged rotational disorder 
about the canal axis is entirely ruled out. The lengths of 
+I...-- &*"""*I I;"-" ;" ,Lo ,.-""I "..""" ,ket...aa" -..- 
UlLCC u1aBv"Y' l l l lZI  111 L U G  C'uIaLI C L V I I  UCCL'Vl l  \ U C L " L C "  ""L 

corner and the opposite corner, which are defined by the inter- 
secting points of three C-S bonds in the end view) are 11.6, 
10.7, and 8.7 A for the case of 2,3-dimethylbutadiene, while 
the lengths of the canal edges in the end view are almost equal 
at 5.20-5.30 A. In more detail, however, four out of six of 
the canal walls of the thiourea complex are considerably bent, 
i e . ,  in the end view the C-S bonds do not lie on straight edges 
of the canal walls. This can be seen in Figure 6 (top) and 
more clearly in Figure 9. 

The intervals of the thiourea molecules along the canal axis 
are almost equal and equal to 1/6c, as is also true for the 



Vol. 5, No. 5 ,  SeptembePOctober 1972 sTRIJCTURAL EVIDENCE OF CANAL POLYMERIZATION 601 

(b) 

Figure 7. Fourier projection along the canal axis: (a) poly(2,3- 
dichlorobutadienekthiourea complex, (b) poly(2,3-dimethylbuta- 
dienekthiourea complex. Contours are drawn at 4, 6 , 8  . . . e A-a 

cyclohexane-thiourea complex. As a result, tee intermo- 
lecular N. .S distances range from 3.25 to 3.51 A and aver- 
age to 3.37 A for the 2,3-dimethylbutadiene-thiourea complex 
(cf. 3.32 and : 
3.42 and 3.51 

There are ti 

length of 6.25 A. Accordingly, both the monomer-thiourea 
complexes are stoichiometric compounds; there are 12 thio- 
urea molecules and 4 monomers in the unit cell (the mole ratio 
of thiourea and monomer is 3 :l). The monomer molecules 
are pla ,lene mourn are in the trans con- 

the canal pel._ _. .__" I., ._I., "..l "\'u~"\.l 

!.48 A in the cyclohexane-thiourea complex, and 

iyo monomers related hy a center of symmetry in 
"f 17 5 H .  i n  ""0 mnnnmrr nrr-...i-r 0 

A in the thiourea crystal14). 

Figure 8. End and side views of the crystal structure of poly(2,3- 
dimethylbutadiene)-thiourea complex. Polymer chains in the 
side view are omitted as shown in the text. 

nar and the two methy 
on about the center C 

2- _.I 

is observed for the monomer-thiourea complexes. But the 
most distinctive feature of the diffraction patterns of the 
polymer-thiourea complexes is that the polymers give inde- 
pendent layer lines from those of the thiourea lattice. From 
the extra layer lines the identity periods of the polymer chains 
were estimated to be 4.80 A for 2,3-dichlorobutadiene and 
4.75 A for 2,3-dimethylbutadiene. This indicates that the 
conformations of the polymer chains in the canals are the 
most stable form, TS'-trans-S', as shown in Figure 4. Ac- 
cordingly, the polymer-thiourea complexes are nonstoichio- 
metric compounds: 2.6 monomeric units in the canal period 
of 12.5 A. This implies that there arc 12 thiourea molecules 
and 5.2 monomer units in the unit cell (the mole ratio of 
thiourea to monomeric unit is 2.33:l as shown in Table I). 
It is noteworthy, however, that this mole ratio derived from 
the X-ray data is the ideal value satisfied only when the canals 
are filled with polymer chains of infinite length. The mole 
ratio in  the original monomer-thiourea complexes is 3: l  as 
already mentioned. Therefore, it may be presumed that the 
actual polymer-thiourea complexes cannot have such an ideal 
mole ratio of 2.33 :l. We shall discuss this point later. 

Another problem with the polymer-thiourea complexes is 
how the polymer chains are arranged in the canals. Since 
the polymer chains exist in each canal with a definite orienta- 
tion about the canal axis, as shown in Figures 7 and 8, the cell 

- .  
figurati :-C single bond. In the canals 
the plarrnl I ~ ~ U ~ I V L I L ~ L ~  uu I ~ U L  stack flat as in a stack of coins, 
but are almost vertical; the molecular plane tilts at an angle 
of 5' to the canal axis for 2,3-&chlorobutadiene, and at an 
angle of less than 1' for 2,3-dimethylbutadiene. The mono- 
mers contact one another at the normal van der Waals dis- 
tances; the closest intermolecular C(H2). .C(Ha) distance is 
3.68 A. 

Crystal Structures of Polymer-Thiourea Complexes. Fou- 
rier projection along the canal axis for poly(2,3-dichlorobuta- 
d i ene t  and poly(2,3-dimethylbutadiene)-thiourea complexes 
are shown in Figure 7. The crystal structure of the poly(2,3- 
dimethylbutadiene)-thiourea complex is shown in Figure 8.16 

The canal structure, i e . ,  the deformation of the canal section 
from a regular hexagon, the orientation of the guest mole- 
cules, and the bend of the canal walls, is quite similar to what 

(14) N. R. ICunchur and M. R. Truter. J.  Chem. Soc., 2551 (1958). 
(15) As shown later in the tent, the polymer-thiourea complexes are 

nonstoichiometric comoounds. But the eauatorial reflections i h k m  
~ ~~~ ~~~~~~. 

appear as coherent scakerings of the thiourea lattice and the polymer. 
The (hkO) Fourier synthesis, therefore, gives the projected structure of 
both the host and guest mdlecules. On the other hand, the layer lines, 
except the extra layer lines due to the polymer chains, are essentially 
regarded as diffraction3 by the thiourea lattice &lone. Therefore the 
atomic coordinates of thiourea molecules were refined by the least-' 
Squares method using thelayer-line reflections. 



602 CHATANI, NAKATANI Macromolecules 

- TU-DMB - 5 A  
TU - PDMB ...... 

Figure 10. Comparison of canal structures of 2,3-dimethylbuta- 
diene-thiourea complex (solid lines) and poly(2,3-dimethylbuta- 
diene)-thiourea complex (dashed lines). 

c3 

5 A  

Figure 9. Schematical representation of canal structure of poly- 
(2,3-dimethylbutadiene)-thiourea complex (top) and cyclohexane- 
thiourea complex (bottom). 

dimensions in the cross section of the canal are the same as 
those of the thiourea lattice. But the identity period of the 
polymer chains is irrational with respect to that of the thiourea 
lattice. Therefore, the three-dimensional arrangement of the 
polymer chains can be treated as an  independent lattice from 
that of the thiourea. From the reflections of the extra layer 
lines, the polymer lattice was determined. The cell dimen- 
sions were a = 9.95, b = 15.47, c (fiber axis) = 4.75 A, 6 = 
107.3', space group P2,/a, and two chains per unit cell for 
poly(2,3-dimethylbutadiene). Such a polymer lattice indi- 
cates that the polymer chains in each canal are correlated 
with respect to their mutual levels. But there is no definite 
relationship between the mutual levels of the thiourea lattice 
and the polymer lattice, and so the polymer chains are not in- 
cluded in the side view of Figure 8. In the case of the poly- 
(2,3-dichlorobutadiene)-thiourea complex, the layer lines of 
the polymer are continuous streaks.9 This indicates that the 
polymer chains have random z coordinates in the canals; 
there is no correlation between polymer chains in each canal 
with respect to their mutual levels. But several crystals of 
different preparations gave X-ray photographs having, in 
addition to the streaks, broad but discrete reflections, and 
from these reflections the cell dimensions of the polymer lat- 
tice were determined to be a = 9.16, b = 15.85, c (fiber axis) 
= 4.80 A, 6 = 9 9 O ,  space group P2Ja, and two chains per 
unit cell. 

The canal shapes and the deformation of canals in both the 
monomer- and polymer-thiourea complexes could be at- 
tributed to the shapes and sizes of the guest molecules. Fig- 

ure 9 shows schematically the canal structure for poly(2,3- 
dimethylbutadiene) and for cyclohexane as a reference. 
Considering the van der Waals radii of the guest molecules, 
it is clear why the canals are deformed and the canal walls 
bent for the case of the dienes. The degree of deformation 
depends upon the shape and size of the guest molecule, and 
hence differs slightly in each case. The difference between 
the canal shapes of the monomer- and polymer-thiourea 
complexes for 2,3-dimethylbutadiene is illustrated in Figure 
10. 

Discussion 

Figure 11 shows schematically the process of canal polym- 
erization and polymer crystallization for 2,3-disubstituted 
butadienes. Since the crystal structures of the monomer- 
and polymer-thiourea complexes for 2,3-dichlorobutadiene 
and 2,3-dimethylbutadiene are isomorphous, this picture is 
applicable to both the dienes except for minor differences in 
relative longitudinal arrangement of polymer chains in the 
canals and in the chain arrangement in the polymer crystals. 

Canal Polymerization. The crystal structure analyses re- 
veal that the monomers polymerize in the thiourea canals and 
the polymer-thiourea complex is formed without destroying 
the original single-crystal habit. We can imagine easily 
with the help of a molecular model that 1,4-enchainment of 
adjacent monomers followed by internal rotations of the two 
C(H2)-C single bonds adjoining double bonds in the opposite 
sense produces the T-S-trans-S conformation of a 1,4-trans 
polymer. If this is true, the polymerization does not require 
overall molecular rotation of the monomer in the canal nor a 
large canal deformation from the original form. Figure 12 
shows this situation. This enchainment is, howeverb accom- 
plished by a shortening of 1.45 p\ (from 6.25 to 4.80 A) in the 
monomer interval. Therefore, successive long-range transla- 
tional displacements (diffusion) of monomers in the canals 
are necessary in order for polymerization to occur. It is 
likely that monomer diffusion is an  important factor in the 
temperature dependence of the polymerization rate and the 
molecular weight distribution of the resultant polymer. It is 
also fully expected that such a diffusion of monomers produces 
some vacancies in the canals. As already mentioned, the 
mole ratio of host to guest molecules is 3 : 1 for the monomer- 
thiourea complexes, but 2.33 :1 for the ideal polymer-thiourea 
complex. When polymerization of the single crystal is done 
without the mother liquid, the mole ratio of host and guest 
molecules does not alter before and after polymerization. 
Carefully prepared single crystals of polymer-thiourea com- 
plex were not accompanied by thiourea crystals produced by 
degradation of the canal complex. Therefore it is probable 
that, since the polymer-thiourea complexes are very stable, 
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in appearance from that of the complex. “The equatorial 
scattering in the small-angle X-ray photograph of the polymer 
is more intense than that of the complex. This feature may 
support the increment of microvoids parallel to the fiber axis. 
On the other hand, no distinct scattering along the meridian 
is found in either of the photographs. These facts suggest 
that the polymer chains aggregate and crystallize without 
“chain folding,” at least without “regular chain folding,” 
upon removal of thiourea. 

In conclusion, the canal polymerizations of 2,3-dichloro- 
butadiene and 2,3-dimethylbutadiene are analogous from a 
structural viewpoint. The thiourea canal structures of both 
the monomer-thiourea complexes are considerably deformed 
from a regular hexagonal prism. Such a deformation of the 
canals is favorable for inclusion of the guest molecules and 
also for l,.l-trans tactic polymerization. Though there is too 
little information about the structures of canal complexes to 
permit generalizations concerning the specificity of canal 

polymerization, the following conclusions are permissible. 
(1) The shape of thiourea canal is adaptable to some extent, 
depending upon the size and shape of guest molecule so long 
as intermolecular N . .  .S  distances of 3.4-3.5 A are main- 
tained. (2) If a resultant polymer chain cannot assume a 
suitable shape and/or size for the original canal, the complex 
may be degraded by polymerization, and polymer yield may 
be limited. (3) The canal does exert a spatial control which 
can promote polymerization, and in a special case, such as the 
trioxecane-urea complex, a chemical control for polymeriza- 
tion (inhibition of polymerization) is also possible. 
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ABSTRACT: The polycondensation of trifunctional monomers with groups A, B, and C of different reactivities is considered 
under the restriction that group A can react only with either group B or C. This condensation leads to polymers of the 
branched structure of amylopectin and glycogen with no possibility of gel formation. Simple formulas for the weight and 
number averages of the degree of polymerization and for the z averages of the mean-square radius of gyration and of the particle 
scattering factor are derived with the aid of the cascade theory developed by Good and by Gordon. For large DP,, the mean- 
square radius of gyration (SZ), is found to increase proportionally with the square root of the weight-average degree of polym- 
erization but linearly with the number average. This behavior is interpreted in terms of the heterogeneity which at large DP, 
is DPJDP, E DP,’12 DP,. The Zimm plots of the particle scattering factor exhibit significant upturns. This behavior 
deviates from the linear Zimm plots of the particle scattering factors of randomly branched polycondensates, and it is explained 
by the considerably narrower molecular weight distributions compared with the random cases. 

n a previous paper Kajiwara, Burchard, and Gordon’ re- I ported a new method for the calculation of the particle 
scattering factor of randomly branched polycondensates in 
which the simple case of homopolymers built up from f-func- 
tional monomers was treated. For example, when f = 3 
such a monomer can be represented by 

A 

A 
I 

where each of the A groups has equal probability of reaction 
with any other unreacted A group of another molecule. 

A consequent extension of such a reaction is the considera- 
tion of monomers of the type 

B 

A< C 

I1 

Gordon, Brit. Polym. J.,  2, 

where A, B, and C have different reactivities. In this paper 
branched polymers which are formed by the condensation of 
this type of monomer will be treated, but with the restriction 
that group A can react only with either group B or C, and 
that all other conceivable possibilities are excluded. 

This type of condensation has some biological significance, 
because the branching of saccharides resulting in glycogen, 
amylopectin, and dextran is of this kind. In these poly- 
saccharides the three groups A, B, and C are respectively in 
the C1, C4, and C6 positions on the glucose ring, A is an 
aldehydic OH group, and B and C are alcoholic groups. 

CH,OH 
6 1  

H OH 
a -glucose 

(1) K. Kajiwara, W. Burchard, and M. 
110 (1970). Two sorts of a-glycosidic bonds (i.e,, Cl-C4 and C1-C6) can 


