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ABSTRACT: In an attempt to produce a polydiacetylene (PDA) with larger third order nonlinear optical 
properties, the polymer precursor, 1,4-bis~1,3-octadecadiynyl)benzene, was synthesized. It was found, 
however, that neither thermal treatment (up to 343 K) nor y-ray irradiation at  above 300 K was able to  
promote solid-state polymerization. A detailed analysis of the molecular motion was conducted using 
differential scanning calorimetry, solid-state cross-polarization magic-angle-spinning I3C, and solid-state 
2H NMR and solution-state I3C NMR. It was found that below 300 K the monomer undergoes small- 
amplitude motions only. Above 300 K the sp-bonded phenyl ring undergoes ,z flips around the long axis 
of the molecule a t  an intermediate rate with respect to the NMR time scale ( < 2  x Hz-') with an 
activation energy of 60 k 1 kJ mol-'. The poor polymerization above 300 K was attributed to the monomers 
being unable to obtain the proper alignment with respect to each other necessary for the polymerization 
process. The results of this study lead to the successful polymerization of the monomer by using y-ray 
irradiation but a t  273 K. The structure of the polymer was determined using solid-state 13C NMR. 

Introduction 

Non-linear optical materials are extremely important 
in opto-electronic and photonic app1ications.l Organic 
nonlinear optical media are of particular interest for a 
number of reasons including their ease of fabrication, 
tailorability, and fast nonlinear optical response times. 
Of the organic media, polydiacetylenes (PDA's) are one 
of the best candidates2 and have been the subject of a 
number of recent  review^.^,^ Their unique one-dimen- 
sional n-conjugated structure and third-order nonlinear 
optical properties have been extensively investiga- 
ted.2,5-7 PDA's are synthesized by topochemical solid- 
state polymerization.6 

In our recent work we have been attempting to 
increase the third-order susceptibility of PDA-based 
nonlinear optical polymers by synthesizing PDA's with 
greater numbers of n electrons per repeating unit 
through n-conj~gation.~-l~ It was thought that the 
compound 1,4-bis(1,3-octadecadiynyl)benzene (Bis(l4- 
2A)B; where A represents acetylene, B represents the 
phenyl ring in a p-phenylene group, and 14 refers to  
the 14 carbon alkyl chain; see Figure 1) would, if 
polymerized, form an excellent nonlinear optical poly- 
mer. However, it was found (uide inpa) that neither 
thermal treatment nor y-irradiation above 300 K would 
induce solid-state polymerization. In our previous stud- 
ies it was found that some monomers polymerized much 
more easily than others. It has been noted that 
monomer side groups have a strong influence on the 
molecular organization and polymerization behavior in 
the solid state.15 Most polymerizable PDAs have me- 
thylene groups next to the diacetylene moiety. How- 
ever, to obtain PDAs with aromatic substituents di- 
rectly bound to the main chain is not easy. For example, 
diphenyldiacetylenes and dicarbazolyldiacetylenes16 are 
not polymerizable by the 1,Laddition mechanism, and 
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several substituted diphenyldiacetylenes give polymers 
only in low yield. Depending upon the chemical nature 
of the side groups, a number of crystalline phases may 
be present with different conformations of the side 
groups. Whether solid-state polymerization will occur 
in a particular crystalline phase depends upon the 
intermolecular spacings and precise arrangement of the 
adjacent diacetylene functionalities.15J7 Previous stud- 
ies have shown that, in solid-state polymerizable di- 
acetylene crystals, the molecules are piled up along the 
translation axis of about 5 a with an angle of inclination 
of 45" to form an inclined stack so that the atoms that 
form a bond in the 1,Qaddition are in close proxim- 
ity.15J7 However, with aromatic substituted diacety- 
lenes (2A's) the molecules tend to form simple plane- 
to-plane parallel stacks along the shorter translation 
axis, with inclination angles being compound dependent. 
Because of strong interplanar interactions between the 
aromatic rings, the acetylene terminal carbons in ad- 
jacent 2A monomers are not sufficiently close to allow 
polymerization. Following several empirical rules for 
obtaining polymerizable stacks for the diarylbutadiynes, 
we successfully prepared several PDA's substituted 
directly by aromatic rings.l8 Substituents for producing 
n-conjugation between the polymer backbone and side 
chains have been expanded from aromatic ring groups 
to acetylenic groups. Work in our laboratory has shown 
that the monomers 15,17-dotriacontadiyne (14-2A), 
10,12,14-nonacosatriyonic acid (14-3A-8C, where 8C 
represents an 8-carbon aliphatic chain terminated by a 
carboxylic acid group), and 15,17,19,2 l-hexatriacon- 
tatetrayne (14-4A) are polymerizable, with the 14-4A 
monomer polymerizing with near 100% efficiency.lg As 
mentioned above, PDA's having methylene groups often 
show solid-state polymerizability, and it is thought that 
the van der Waals forces between the bent methylenes 
prevents parallel stack formation. Perhaps such a 
mechanism would still hold even if there was a meth- 
ylene group on only one side. This led to the idea of 
using unsymmetrical 2A with a methylene group on one 
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Figure 1. Structure of the compound Bis(14-2A)B. 2H NMR measurements were performed on a sample containing a selectively 
2H-labeled phenyl ring as indicated in the figure. 

side and an aromatic on the other20 and unsymmetrical 
4A ( 13-(4-butyl-2,3,5,6-tetrafluorophenyl)-6,8,10,12-tride- 
catetraynyl N-(butoxycarbonylmethyl) carbamate).21 Am- 
phiphilic 2A's are polymerizable in Langmuir-Blodgett 
films due to the anchor void effect whereby the monomer 
is anchored at the hydrophilic end. van der Waals forces 
between the alkyl chains result in the 2A moieties 
becoming inclined until they reach the proper van der 
Waals distance, resulting in a polymerizable stack.22 

In an effort to  understand the poor polymerizability 
of the Bis(14-2A)B monomer, solid-state cross-polariza- 
tion magic-angle-spinning (CP-MAS) spectra were re- 
corded for a number of temperatures ranging from 273 
to 343 K. It was noted that the aromatic CH carbon 
resonances were not able to be observed at 298 K (vide 
infra). The effect is consistent with increased molecular 
motion of the phenyl ring m ~ i e t y . ~ ~ , ~ ~  To better under- 
stand the molecular dynamics of the monomer and 
especially the phenyl ring moiety a 2H-labeled Bis( 14- 
2A)B monomer was synthesized (see Figure 1) so that 
solid-state 2H NMR powder spectra could be observed. 
2H NMR is a powerful technique for determining both 
the type and rate of motion of molecules in the solid 
state (e.g., Rice et al.25 and Cholli et a1.26). In the 
present work the motion of the monomer and the effects 
of both thermal and y-irradiation for initiating solid- 
state polymerization were investigated using differential 
scanning calorimetry (DSC), solid-state 13C NMR and 
2H NMR techniques. Changes noted in the solid-state 
13C NMR, and 2H NMR spectra were found t o  correlate 
with a phase change observed in the calorimetry mea- 
surement. From the results of this investigation it was 
found that the difficulties in polymerizing this com- 
pound at 298 K and above were due to  the loss of 
alignment of the monomer molecules. This loss of 
alignment coincided with the onset of rotational motion 
of the phenyl ring. Further, with this new found 
understanding of the monomer molecular dynamics, a 
successful procedure to  polymerize the monomer at low 
temperature using y-ray irradiation was devised. The 
resulting polymer was then examined using solid-state 
13C CP-MAS NMR. Solid-state 13C NMR spectroscopy 
was used to characterize the resulting polymer and also 
confirmed that the polymerization occurred via the 1,4- 
addition mechanism. 

Experimental Section 
Synthesis of Compounds. 1,4-Bis(l,3-octadecadiynyl)- 

benzene was prepared by the palladium(0)-catalyzed coupling 
r e a c t i ~ n * ~ , ~ ~  of 1,3-octadecadiyne and 1,4-diiodobenzene as 
follows: To a solution of 1,3-octadecadiyne11 (1.033 g, 4.2 
mmol) and 1,4-diiodobenzene (660 mg, 2 mmol) in triethyl- 
amine (30 mL) were added at ambient temperature under an  
argon amosphere bis(triphenylphosphine)palladium(II) chlo- 
ride (28 mg) and copper(1) chloride (8 mg). After this was 
stirred overnight, the solvent was removed under reduced 
pressure, and the residue was purified by column chromatog- 
raphy (silica gel, hexane) and recrystallized from hexane to 
give 493 mg (44%) of 1,4-bis(1,3-octadecadiynyl)benzene. 

Mp: 376-377.5 K. IR ( D r ) :  2955,2921,2849,2422 (weak), 
1470,839, 830, 722,546 cm-I. 'H NMR (CDC13): 6 0.88 (6H, 
t, J = 6.6 Hz), 1.15-1.35 (40 H, m), 1.40 (4H, m), 1.55 (4H, 
m), 2.36 (4H, t, J = 6.9 Hz), 7.39 (4H, s ) .  13C NMR (CDC13) 6 
= 14.14, 19.65, 22.70, 28.20, 28.88, 29.09, 29.37, 29.48, 29.62, 
29.66 (four peaks overlapped), 31.93,64.93, 74.06, 76.73,86.33, 
122.50, 132.35. Found: C, 88.93; H, 11.30 . Calcd for C42H62: 
C, 88.98; H, 11.02. l-Iodo-4-(1,3-octadecadiynyl)benzene was 
also obtained as a byproduct. 

The derivative containing a deuterated phenyl group, i.e., 
1,4-bis( 1,3-octadecadiynyl)benzene-2,3,5,6-d4, was synthesized 
by the same procedure but using 1,4-diiodobenzene-d4 instead 
of 1,4-diiodobenzene. Mp: 375-376.5 K. IR (Kl3r): 2955, 
2923,2849,2236 (weak), 2149 (weak), 1468,1420,1321,1289, 
862,818,722,505,482,444 cm-'. Found: C, 88.63; H and D, 
11.31. Calcd for C ~ Z H E ~ D ~ :  C, 88.35; H and D, 11.65. Deu- 
terated diiodobenzene was obtained by iodationz9 of benzene- 
de (Merck Uvasol, isotopic purity of more than 99.8%). The 
deuterated monomer was used only for the solid-state zH NMR 
experiments. The specificity and degree of deuteration of the 
monomer was checked by solution-state 13C NMR of a sample 
of labeled monomer (7.3 mg) in 0.6 mL of CDC13. Undeuter- 
ated monomer was not detected. 

DSC. Differential scanning calorimetry measurements 
were performed using a DSC 8230 calorimeter (Rigaku Co., 
Tokyo). Measurements were performed on a 1 mg sample at  
a heating rate of 5 K min-'. 

NMR. Solid-state 13C CP-MAS and I3C dipole-dephasing 
CP-MAS (CP-MAS/DD) spectra were acquired using a 7 mm 
probe on a JEOL GSH-200 spectrometer operating at  50.23 
MHz. The CP-MAS spectra were acquired in the presence of 
proton-decoupling. Typical acquisition parameters were a 
MAS speed of 4.5 kHz and a 'H x/2 pulse width of 4.2 ,us. Since 
the molecules were assumed to be quite mobile, a relatively 
long CP time of 3 ms was used to improve the signal-to-noise 
ratio. The CH2 peak (29.5 ppm) of external adamantane was 
used as  the 13C chemical shift reference. 13C spin-lattice 
relaxation times were measured using CP.30 

Solid-state *H NMR spectra were acquired using a 5 mm 
probe on a Bruker MSL-400 spectrometer operating at  61.4 
MHz using the quadrupole echo pulse sequence (Le., x/22 - r 
- d2y  - r - Acq.). Typical acquisition parameters were a 
d 2  pulse width of 2.9 ps, a t delay time of 20 ms, and a spectral 
width of 2.5 MHz digitized into 2 K data points. At each 
temperature the spin-lattice relaxation time ( T I )  of the 
slowest relaxing component in the spectrum was approxi- 
mately determined from the null-point in inversion-recovery 
experiments. The preacquisition delay in the quadrupole echo 
was set to 10Tl to allow for complete thermal relaxation. The 
preacquisition delays used ranged from 3 (360 K) to 75 s (260 
K). Each FID was averaged from 1000 to  7400 times depend- 
ing upon the temperature. Each FID was zero-filled t o  8 K 
prior to Fourier transformation. 

W-Visible Absorption. Visible absorption spectra were 
measured using a Shimadzu UV-3100 spectrometer. For the 
measurement the monomer microcrystallites were pelletized 
with Kl3r. An 8-W UV lamp was used for the irradiation. The 
sample was positioned at  a distance of 2 cm from the lamp. 
The measurements were conducted below ambient tempera- 
ture. 

y-ray Irradiation. In the first attempt we attempted to 
polymerize a sample of the Bis(14-2A)B monomer using 60Co 
prays with a dose rate of 1 Mrad h-'. This method entails 
some sample heating, and the sample would have been heated 
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Table 1. 13C Solid-state Chemical Shifts and 
Spin-Lattice Relaxation Times (TI) of the Bis(14-2A)B 

Monomer at 298 Ka 
13C chemical shift (ppm) assignment Ti (s) 

14.7 
24.1 
29.6 
30.6 
32.0-33.3a 
20.6 
66 
79 
76 
88 
123.2 
- 

14-CH3 
13-CH2 
2-CH2 
3-CH2 
4-CH2 to 12-CHz 
1-CH2 
6-C 
Y-C 
P-c 
a-C 
aromatic4 
aromatic-CH 

2.7 
5.0 
5.6 
5.3 
4.9, 5.1 
5.2 
49 
42 
49 
37 
29 
- 

The spin-lattice relaxation measurements were conducted 
under CP conditions. The atom numbering scheme is defined in 
Figure 1. These resonances give two separate peaks in the solid- 
state 13C spectrum. 

to above ambient. Later, (see the Discussion section) poly- 
merization using y-ray irradiation was again attempted but 
keeping the sample at 273 K (i.e., on ice). 

Results 
Differential Scanning Calorimetry. Two scans 

from 133 to 450 K were performed on the monomer. At 
300.6 K there was a sharp peak (lower boundary, 300.3 
K upper boundary 303.2 K, temperature width at half- 
height, 1.8 K AH, -100 & 10 kJ  mol-l). This peak 
corresponded to the crystalline to plastic-crystalline 
phase transition. The sample melted at 376.2 K (lower 
boundary, 371.9 K upper boundary, 378.2 K temper- 
ature width at  half-height, 1.8 K, AH -330 f 33 kJ 
mol-l). 
13C NMR. A lH-decoupled 13C spectrum of Bis(l4- 

2A)B dissolved in CDCl3 was assigned using our NMR 
spectral database system (SDBS-NMR).31~32 This was 
used as the basis for assigning the 13C CP-IVlAS spectra 
of the molecule. The spectral assignments for the CP- 
MAS spectra are tabulated in Table 1 together with the 
corresponding spin-lattice relaxation times. 

Variable-Temperature lsC NMR Spectra of the 
Monomer. The absence of characteristic color change 
for generating PDA and the similarity in chemical shift 
positions of the acetylenic carbons in the solid-state CP- 
MAS spectra after either 200 Mrad y-ray irradiation at 
above 300 K or thermal treatment up to 343 K indicated 
that no significant polymerization had occurred. How- 
ever, temperature-dependent changes were noticed in 
the CP-MAS spectra. Some representative CP-MAS 
spectra a t  various temperatures are given in Figure 2. 
The 13(3 chemical shifts of the four types of acetylene 
carbons moved to  lower frequency with increasing 
temperature. The smallest and largest changes were 
observed for the a- and 6- acetylenic carbon resonances, 
respectively. Also, at 273 K the acetylenic resonances 
have shoulders on the lower frequency side. These 
shoulders move with temperature and move t o  the 
higher frequency side by 298 K. At 328 K they are not 
visible but reappear by 343 K on the higher frequency 
side. At 298 K the aliphatic resonances in the solid- 
state spectrum are similar to those of the solution 
spectrum, while below 298 K the aliphatic resonances 
at about 33 ppm appear as a single resonance with a 
small shoulder. This behavior is not observed in the 
solution spectra. The line widths of the aromatic carbon 
resonances are significantly reduced with increasing 
temperature. In addition, the aromatic CH resonances 
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Figure 2. 13C CP-MAS spectra at various temperatures of 
Bis(14-2A)B. Asterisks denote spinning side bands or back- 
ground signals. Significant temperature-dependent spectral 
changes are noted. At 273 K the aromatic CH resonances are 
clearly visible and the acetylenic resonances have significant 
shoulders. However, as the temperature increases, the aro- 
matic CH resonances go through an intensity minimum at 
around 298 K. The shoulder patterns of the acetylenic reso- 
nances move from higher to lower frequencies as the temper- 
ature is increased. The aliphatic resonances at about 33 ppm, 
while appearing as a single line with a shoulder below 298 K, 
split into numerous lines above this temperature. 

went through an intensity minimum at around 298 K 
(see Figure 2). The effects of temperature on the 
spectrum were reversible. 
l3C NMR Spectra after pray Irradiation at 273 

K. After making the above solid-state 13C NMR obser- 
vations of the thermally treated and y-ray irradiated 
monomer and correlating these results with the solid- 
state 2H NMR spectra of the deuterated monomer (see 
below and also the Discussion section), it was found that 
the monomer could be polymerized if the y-ray irradia- 
tion was performed with the monomer being kept a t  low 
temperature. A CP-MAS spectrum of the monomer- 
polymer mixture after 120 Mrad of y-ray irradiation at 
273 K is given in Figure 3. The chemical shift assign- 
ments are summarized in Table 2. Some initial assign- 
ments were made by comparing the monomer-polymer 
spectrum with the monomer spectrum (i.e., Figure 2). 
Further assignments were made by comparing the 13C 
CP-MAS spectrum of the monomer-polymer mixture 
with the corresponding 13C CP-MAS/DD spectrum and 
inversion recovery spectra obtained with two different 
z delays (see Figure 4). The assignment procedure is 
further explained in the Discussion section. The po- 
lymerization yield was determined by comparing the 
integrated intensities of the monomer and polymer 
peaks in the 13C CP-MAS spectrum. High doses of 
y-rays may induce some reactions of the methylene 
groups in the side chains. However, in the present 
work, such reactions could not be detected from the 13C 
NMR spectra. 
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Figure 3. CP-MAS spectrum at 298 K of the monomer- 
polymer mixture after 120 Mrad of y-ray irradiation at 273 
K. Comparison of this spectrum with that of the monomer only 
(see Figure 2) shows the addition of a number of additional 
peaks which are attributable to the formation of the polymer. 
Some assignments are given on the spectrum. The assign- 
ments in parentheses correspond to the monomer, and those 
without braces correspond to the polymer. "C" represents 
quaternary carbon. 

Table 2. I3C Solid-state Chemical Shifts of 
Poly(Bis(l4-2A)B) at 298 Ka 

13C chemical 13C chemical 
shift (ppm) assignment shift (ppm) assignment 

15.5' 14-CH3 77 p-c 
2!jC 13-CHz 83 a-C 
29.7 2-CHz 105 main chain -C&- 
30.7 3-CH2 122 aromatic4 (para) 
32-35b 4-CH2 to 12-CHz ' 130 aromatic-CH (ortho) 
22c 1-CHz 132 main chain -C= 
66 6-C 134 aromatic-CH (metal 
77 Y -C 136 aromatic-C 

a The atom numbering scheme is according to the precursor 
monomers (see Figure 1) and the polymer (see Figure 7 orientation 
1). These resonances were not resolved in the solid-state spec- 
trum. Broad. 
2H NMR. 2H NMR spectra of the 2H-labeled mono- 

mer were acquired for a number of temperatures in the 
range of 260-360 K. The experimental spectra were 
simulated using a program written in The 
program included corrections for echo distortions, finite 
pulse power, virtual FID, and exchange during the 
radio-frequency p ~ l s e s . ~ ~ - ~ ~  The program also included 
the ability to calculate log Gaussian distributions of flip 
rates37 and various small-angle librational motions of 
the C-D bond.34 We used the simplest model that 
would fit the observed spectra. It was found that the 
data could be well simulated using simple n flips 
characterized by a single correlation time (t,) of the 
deuterated phenyl ring. That the experimental spectra 
were able to be simulated using a simple n flip model 
means that any librational motions of the C-D bond 
must be quite small. It was found to be unnecessary to 
correct for the effects of the virtual FID. Some repre- 
sentative experimental spectra together with their 
respective simulations are given in Figure 5. The 
quadrupolar coupling constant was determined to be 
175.5 kHz from the "static" pattern obtained at  260 K. 
This value is well within the range of 155-190 kHz 
commonly observed for ortho and meta  deuteron^.^^ 
While the local environment of the deuterium nuclei is 
almost certainly not axially symmetric, the quadrupolar 
asymmetry parameter (q) is known to be very 

1 . 2 0 s  

140 120 100 80 60 
ppm 

Figure 4. 13C CP-MAS (top line), difference between the CP- 
MAS and the corresponding CP-MAS/DD spectrum (second 
from top), and 13C inversion-recovery spectra acquired with 
a T delay of 80 (second from bottom) and 20 s (bottom), 
respectively. Only the nonaliphatic carbon regions of each 
spectrum are shown. The CP-MAS spectra contain resonances 
from all the carbon peaks of the monomer and the polymer, 
while the CP-MAS/DD spectrum only contains resonances from 
quaternary and mobile carbons. The difference spectrum 
contains only the aromatic CH carbons, while the inversion- 
recovery experiment shows mainly polymer signals when t = 
20 s and monomer signals when t = 80 s. All measurements 
were performed at 298 K. 

and mainly used out of cosmetic con~enience;~~ hence, 
the simulations were performed with q set to 0. Other 
parameters used in the simulations are given in the 
caption t o  Figure 5. Below 260 K and above 360 K the 
observed 2H spectra approached the slow (z, > 10-1 
Hz-') and fast exchange (7, Hz-l) limits, respec- 
tively. Between 304 and 350 K there were noticeable 
changes in the fine structure, and after correcting for 
differences in the number of scans and the Boltzmann 
distribution, a large temperature dependence in the 
integrated spectral intensities was found. Below 304 
K and above 350 K the integrated spectral intensities 
approached unity. The change in spectral intensity with 
temperature was used as a guide in simulating the 
experimental spectra. A plot of ln(z,) versus inverse 
temperature is given in Figure 6. Linear regression 
onto the data from 304 K and above gave the activation 
energy for the n flip to be 60 f 1 kJ mol-'. 

UV-Visible Absorption and Polymer Yield. The 
Bis(14-2A)B monomer polymerized very slowly with 
W irradiation at about 296 K First, the broad absorp- 
tion maximum around 685 nm appeared. The absorp- 
tion edge was observed around 760 nm, and there was 
a shoulder around 600-640 nm. Further irradiation 
increased the absorbance of the maximum at 685 nm, 
and the shoulder changed to a maximum at 605 nm. 
After 4 h, the absorbances of the two maxima became 
almost the same; after 8 h there was not much further 
change in the spectrum and the color of the sample had 
become blue. Since the UV irradiation is not uniform 
throughout the KBr-pelletized sample, it is not possible 
to  measure the actual polymer yield. 

The Bis(14-2A)B sample irradiated by y-rays also 
became blue, and the spectrum exhibited broad absorp- 
tion from around 800 nm to cover all of the visible 
region. The maximum was around 550-600 nm and 
was shifted to shorter wavelength than that for the U V -  
irradiated samples. The polymer yield was determined 
gravimetrically (i.e., by the ratio of the benzene- 
insoluble part of the sample) to  be 40%. The results of 
gel permeation chromatography of the benzene-soluble 
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Figure 5. (A) Experimental and (B) simulated 2H NMR 
spectra of the Bis(14-2A)B monomer at various temperatures. 
The parameters used in the simulations were quadrupolar 
coupling constant 175.5 kHz, r]  = 0. The values o f t ,  used at 
the respective temperatures were 1.0 x Hz-I (260 K), 1.1 
x Hz-l (304 K), 1.8 x Hz-I (330 K), 2.8 x Hz-I 
(360 K). The simulated spectra were calculated using 1” 
increments of the azimuthal and polar angles. The experi- 
mental spectra are presented with 2 kHz of Lorentzian line 
broadening. The simulated spectra are presented with 2 kHz 
of Lorentzian line broadening and 0.5 kHz of Gaussian line 
broadening. The peaks at zero frequency in the experimental 
spectra are artifacts. 

r I 
2 0  30 3 2  3 4  

1 ooorr (K ’ )  

Figure 6. Plot of MtJversus inverse temperature. The solid 
line represents regression of the formula, tc = to exp(EA/kT) 
onto the data. The points below 304 K were excluded from the 
calculation. The energy of activation (EA) for the flipping 
motion of the phenyl ring was determined to be 60 & 1 kJ  
mol-1 with 50 = 6.5 x Hz-I. 

part of the sample suggest the production of a small 
amount of oligomers. Since the remaining polymer is 
not soluble in conventional organic solvents, the molec- 
ular weight of the polymer could not be measured. 

Discussion 

The appearance of fine structure in the 304 K 2H 
NMR spectrum, indicating the change from “rigid” 
phenyl rings to  n-flipping phenyl rings, was in agree- 
ment with the observation of a phase change in the DSC 
measurement at 301 K. Thus, this phase change 
corresponds t o  the onset of rotational motion of the sp- 
bonded phenyl ring moiety around the long axis of the 
monomer molecule. Particularly notable is that ring 
flipping rarely occurs in crystalline compounds in which 
the ring is tied down at both ends.39 The value of 60 f 
1 kJ mol-l obtained for the apparent activation energy 
for the pure JG flip is a reasonably large value. Previ- 
ously determined values for the activation energy have 
ranged from the theoretically determined value of 25 
kJ mol-’ for poly(ethy1ene terephthalateI4O t o  the ex- 
perimentally determined value of 47-58 kJ mol-’ in 
p-fluoro-D,~-phenylalanine.~~ The relative signal-to- 
noise of the 13C resonances of the aromatic CH carbons 
went through a minimum around room temperature in 
the CP-MAS spectra. This diminution of intensity is 
indicative of increased molecular m ~ t i o n . ~ ~ , ~ ~  This 
observation is consistent with the presence of x flips of 
the phenyl ring. Similarly the narrowing of the reso- 
nances with temperature indicates increased molecular 
motion. The small changes in 13C chemical shift with 
temperature indicate that, apart from the n-flipping of 
the phenyl moiety, there was only a slight alteration in 
the average conformation of the monomer. The small 
changes in chemical shift between the solution and solid 
states and the ability to simulate the 2H NMR spectra 
without resorting to large librational angles of the n flip 
axis imply that the molecule remains quite linear, at 
least in the vicinity of the phenyl moiety. From the high 
activation energy for the n flip it can be inferred that 
large steric forces prevent easy rotation of the monomer. 
The high melting point is, as noted in the DSC mea- 
surement, probably correlated with the alkyl chains 
being “stuck together by van der Waals forces and thus 
further preventing molecular motion. 

The solid-state 13C chemical shifts of the monomer 
at 298 K were all at higher frequency than those of the 
corresponding solution-state resonances; larger differ- 
ences between solution- and solid-state chemical shifts 
were noted for the aliphatic resonances near the acety- 
lenic groups. This is consistent with large van der 
Waals forces between the chains inducing tight packing 
of the alkyl chains in the solid state.41 The small 
shoulders noted for the acetylenic carbons in the 13C CP- 
MAS spectra (see Figure 2) indicate a small degree of 
polymorphism of the monomer in the solid state. This 
effect has been noted previously in solid-state spectra 
of similar corn pound^.^^,^^ In a study of PDA’s with 
directly bound aromatics, both polymerizable and non- 
polymerizable polymorphs of the monomers were found.43 
Although the 13C CP-MAS spectra indicate a small 
degree of polymorphism, the 2H NMR spectra were able 
to be simulated using only one mode of motion of the 
phenyl ring. Thus, the phenyl ring motion is the same 
in all of the statistically significant polymorphs. Par- 
ticularly informative of the temperature-dependent 
conformational processes were the aliphatic resonances 
at about 33 ppm (see Figure 2). Below about 298 K 
these resonances appeared as a single line with a small 
shoulder, above this temperature the resonance and 
shoulder split into a number of peaks. This change 
coincides closely with the phase change observed in the 
DSC measurement (N.B. the temperature control in the 
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CP-MAS experiment is likely to be a few degrees in 
error) and the onset of (observable) n-flipping of the 
phenyl ring. This splitting (downfield shift) of the 
resonances is thus indicative of a loss of alignment (Le., 
loss of stacking) and change in segmental motions of 
the aliphatic chains with increasing temperature.44 The 
small changes with temperature of the resonance for 
atoms 1, 13, and 14 but the larger changes for the 
carbon resonances in the middle of the aliphatic chain 
imply that it is the central part of the aliphatic chain 
that is important in the stacking process. In agreement 
with the small temperature effect on the resonance for 
first carbon atom of the aliphatic chain the &acetylenic 
carbon resonance has a very small chemical shift change 
with temperature. The a-acetylenic carbon resonance 
has a much larger shift with temperature which indi- 
cates a large change in its environment with the 
changing motion of the phenyl ring with temperature. 
It is not possible, however to determine if it is the looser 
packing of the alkyl chains at higher temperatures that 
allows the rotation of the phenyl ring or whether the 
loss of alignment results from the increased steric 
“pressure” caused by the rotating phenyl rings. 

At room temperature the longest 13C T1 relaxation 
times were found, as expected, for the acetylenic carbons 
with their T1 values ranging from 37 to 49 s; next came 
the aliphatic carbons with TI  values ranging from 4.9 
to 5.6 s. The shortest relaxation time was found for the 
highly mobile terminal methyl group (N.B. the reori- 
entational motion of the molecule is outside the extreme 
narrowing condition). The dominant 13C NMR relax- 
ation mechanism for carbons is the dipole-dipole mech- 
anism, and thus the quaternary acetylenic carbons have 
longer relaxation times due t o  the absence of any 
directly bonded protons. 

The results of the absorption spectroscopy also show 
that the polymerization of the Bis(14-2A)B monomer 
occurs very slowly. As is discussed below, it is clear that 
the solid-state polymerization results with the mono- 
mers having the relative positions as shown in orienta- 
tion l in Figure 7. The experimental evidence suggests 
that the reason that the monomer fails t o  polymerize 
using thermal treatment up to 343 K or y-ray irradia- 
tion at temperatures above 300 K (N.B. y-irradiation 
causes a significant increase in the sample temperature) 
is that above 300 K the alkyl chains of the monomers 
are no longer sufficiently aligned for the 1,4-addition 
mechanism to proceed. Similarly, it has been noted that 
phospholipids containing diacetylene groups polymerize 
more readily when the monomer is cooled below the lipid 
transition t e m p e r a t ~ r e . ~ ~  A further experiment was 
performed in which the monomer was irradiated with 
y-rays at 273 K by keeping the sample on ice. The 
polymer conversion of more than 75 zk 5% was first 
estimated from the integrated intensities of the mono- 
mer and polymer resonances in the I3C CP-MAS spec- 
trum (see Figure 3). However, the yield obtained by the 
gravimetrical method was only 40%. This large differ- 
ence between the two methods results mainly from not 
all I3C nuclei having the same cross-polarization ef- 
ficiency. Also, small amounts of soluble oligomers may 
also result in a decrease in the gravimetrically deter- 
mined polymer yield. The value determined by the 
gravimetric method is more reliable than that deter- 
mined by NMR. Since the polymer yield for y-ray 
irradiation is generally higher than that for W irradia- 
tion, the polymer backbone structure in the y-ray- 
irradiated sample must be distorted due to the large 
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Figure 7. Solid-state polymerization of the Bis(14-2A)B 
monomer. The polymerization occurs via the 1,4-addition 
mechanism. The structure of the resulting polymer depends 
on the relative orientation between any two reacting mono- 
mers. Our results imply that the polymerization occurs with 
the monomers having the alignment shown in orientation 1. 
R represents the C14H29 alkyl chain. 

movement of substituents in the course of polymeriza- 
tion, resulting in the shift of the absorption maximum 
to shorter wavelengths for the y-irradiated sample. 
Similar absorption shifts due to differences in polymer 
conversion have been observed in other diacetylenes 
including t e t r a y n e ~ . ~ ~ ? ~ ~  

The polymer assignments in the 13C spectrum were 
made in the first instance by comparing the monomer- 
polymer spectrum with the monomer spectrum. In 
almost all cases the polymer resonances were consider- 
ably broader than the corresponding monomer reso- 
nances due to the slower molecular reorientation of the 
polymer. For example, compare the resonances of the 
terminal methyl groups of the monomer (14.8 ppm) and 
polymer (15.5 ppm). Further assignment was possible 
by comparing the CP-MAS spectrum with the corre- 
sponding CP-MAS/DD spectrum. The CP-MAS/DD 
spectrum only measures quaternary and mobile car- 
bons. The difference spectrum obtained by subtracting 
the CP-MAS/DD spectrum from the CP-MAS spectrum 
allowed the assignment of the polymer ortho and meta 
aromatic CH resonances. By comparing the inversion- 
recovery spectra acquired with different t delays, some 
monomer resonances could be distinguished from the 
polymer resonances on the basis of the slower relaxation 
time of the polymer (see Figure 4). From this compari- 
son the polymer main chain -C= and aromatic -C= 
were able to be assigned. From the CP-MAS spectrum 
(and the assignments in Tables 1 and 2) it can be seen 
that upon polymerization the chemical shifts of the 
newly polymerized monomer resonances shift to lower 
field. 

Particularly indicative of polymer formation was the 
totally new peak at 105 ppm which was assigned to the 
acetylene group in the main-chain and the aromatic CH 
peaks splitting into separate resonances for the ortho 
and metu positions. As schematically presented in 



Macromolecules, Vol. 28, No. 15, 1995 

Figure 7, it is clear that a different polymer will result 
depending on the initial relative orientation of the 
monomer units prior to  polymerization. We must now 
consider which of the two possibilities is Consistent with 
our experimental data. The coincidence of the begin- 
ning of the phenyl ring flipping and the loss of alkyl 

at around the Same temperature 
implies that the two phenomena are correlated. This 
is consistent with the monomer units having orientation 
1 (see Figure 7). A further pointer to orientation 1, and 
not orientation 2, being the dominant orientation 
to polymerization is that van der Waals forces are more 
likely to be effective in orientation 1 where full alim- 
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Figure f )  the two main-chain olefinic carbons (i.e., >C=) 
are not chemically equivalent; however, there is little 
difference in the observed chemical shift (we cannot 
distinguish between the two in the 13C CP-MAS spec- 
trum; see Figure 3 and Table 2). However, in poly(l4- 
4A) there was a chemical shift difference of more than 
35 ppm between the corrsponding olefinic carbons.lg 
Thus, it appears that the conjugation effect is not as 
strong in the current polymer. 

Conclusions 

The experimental data discussed above are consistent 
with the monomer molecules in the crystal state being 
reasonably rigid and aligned below the crystalline to 
plastic-crystalline phase transition point. Above this 
transition point the alignment of the aliphatic chains 
is, to some degree, lost. The data suggest that the loss 
of alignment occurs at the onset of the flipping motion 
of the phenyl ring. Alignment of the monomers is 
known to  be a prerequisite for the l,Caddition, and 
because this condition is not met, neither thermal 
treatment nor y-ray irradiation at 298 K is successful 
in initiating polymerization. This led to the devising 
of novel polymerization conditions (i.e., low-temperature 
y-ray irradiation) that allowed the monomer to success- 
fully polymerize. Thus, polymerization occurs more 
readily when the monomer and polymer phases are 
more alike. The study clearly shows that an under- 
standing of the fundamental dynamic and mechanical 
properties of molecules in crystals is prerequisite to 
devising suitable synthetic pathways in solid-state 
reactions. 
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