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1{' INTRODUCTION

Spectroscopic investigation of substituted conjugated diacetylenes
and polyacetylenes and polyacetylenes dates back to the 1920's.
However detailed investigation of the solid state polymerization of many
of these conjugated diacetylenes is more recent. Single crystals of
many of these diacetylene monomers can be polymerized by the agtion

of (4) thermal annealing, (153 light (u.v. irradiation); (iil) ionizing
y
radiation (iv) mechanical sheer. Wegnerl and his co-workers have shown

|
that these diacetylenes undergo ;?z\sddition reactions according
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Thus according to this reaction scheme the polymer is a resonance

hydrid of II(butatriene or cumulene) and III(acetylenic structure).

J determination of a few polydiacetylenes have been done.z_5 However

detailed I.R. spectroscopic analysis was not done prior to this

(ii) structural changes during the solid state polymerization, and

(iii) electronic structure of the final polymer.

EXPERIMENTAL

Professor Wegner's group at the Institut fur Makromolecular Chemie,

Universitat Freiburg, W. Germany. The monomer 4 was obtained from

Hereafter all the above compounds will be described by using their

abbreviated names as given in Table 1.

TABLE 1

Name Abbreviated Name
1. Heptadecadiyne-2,4-Acid-1 Clz—Diyne-AC
2. Heptadecadiyne-2,4-0L-1 Clz-Diyne—OL
3. Heptadecadiyne-4,6-Acid-1 Clo—Diyne-Cz-AC
4. Poly(5,7-dodecadiyne-diol-1,12-bis phenyl

urethane Poly TCDU

5. 0,0' bis phenyl gluterate diacetylene BPG

However it is not possible to generalize the actual molecular structure

of the final polymers from different starting monomers. X-ray structure

work. The present research has convincingly demonstrated that a number

of key bands in the I.R. can be used to (i) follow the polymerization,

Table 1 gives the names of the conjugated diacetylenes that were

used in this research. The monomers 1,2,3, and 5 were obtained from

Dr. Baughman's group at Allied Chemical Corporation, New Jersey (U.S.A.).




MONOMER 1

Heptadecadiyne-2,4-acid-1 CH3-(CH ~C=C-C=C-COOH

2)11
This monomer is soluble in common organic solvents such as
hexane. In the solid state it is highly reactive and a slight exposure
to ordinary light will initiate the solid state polymerization. However,
it is stable in solution. The solid is stable in the dark and at
low temperatures. Under normal crystal growth conditions from
solution large crystals are not obtained.
This monomer undergoes polymerization very rapidly by ordinary

light, u.v. light, thermal annealing, X-ray irradiation and C60—Y

irradiation.

For infrared spectroscopic work the monomer solution in hexane
was added dropwise onto potassium bromide powder. Care was taken
to prevent polymerization of this material. The KBr pellets were prepared
in the dark at constant temperature (15°C) and humidity. The KBr
pellets were vacuum dried in a desicator overnight before use.

The infrared work was done with a Fourier Transform (Digilab)
instrument. Exposure of the sample to the I.R. beam during scanning
did not cause appreciable further polymerization.

Pellets for infrared investigation were irradiated by Cobo—y
radiation with a dose rate of 0.135 megarad an hour and the I.R. spectra
at different doses were recorded sequentially up to a total dose of 120
Megarads.

The y-irradiation was carried out with two samples, one under vacuum

and the other one in presence of air. No difference in the spectra were
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noticed. The monomer is colorless but with polymerization turned

blue and then blue-violet. The "as polymerized" sample after a 120
megarad dose was powdered and extracted with hexane. By microfiltration
and repeated extraction it was separated into insoluble polymer and
soluble oligomers. Both the fractions were made into KBr pellets

and vacuum dried in a desicator overnight for the I.R. investigation.
MONOMER 2

), ,-C=C-C=C~CH,OH

25 2

This monomer has the same general chanracteristics as the monomer 1.

Heptadecadiyne 2,4-0L-1 CH3—(CH

It is soluble in all common organic solvents, stable in solution, but
highly reactive in the solid state on exposure to light. On polymerization
the colorless monomer turns red.

For infrared studies KBr pellets of the monomer were made in the
dark in the same way as was described for monomer 1. The monomer KBr
pellet was y-irradiated at room temperature and in the presence of air to
a total dose of 120 megarads. The "as polymerized' sample was separated
into insoluble polymer and soluble oligomer fractions by extraction with
hexane. The spectra for the following samples were recorded, 1) monomer,
2) intermediate dose sample, 3) as polymerized sample, 4) insoluble polymer
and 5) soluble oligomers.
MONOMER 3
-COOH

Heptadecadiyne-4,6~acid-1 CH3-(CH2)9-CEC- =C-(CH

2)2

This monomer, which has the same general characteristics of monomers

1 and 2 is also soluble in common organic solvents as hexane and chloroform.

It crystallizes in the monomeric state from a solution in petroleum ether




as rectangular flakes of macroscopic size and undergoes solid state
polymerization to give red flakes.

This monomer has also been studied sequentially as a function of
Y-irradiation to a total dose of 120 megarads. The spectrum of the
as polymerized sample has been compared with those of insoluble polymer,
soluble oligomers and monomer. KBr-pellets were made in the same way
as was described for monomer 1.
MONOMER 4
5,7-dodecadiyne-diol-1,12-bis phenyl urethane (TCDU)

¢-¥-8—0—(CH2)4—C c-C C-(CHZ)A-O-

N-¢
HO H

C-
N
0
This particular diacetylene was studied only in the polymer
form after a 50 megarad dose.
A macroscopic red-gold single crystal of poly(TCDU) used by
Drs. V. Enkelmann and Lando2 in a previous study for X-ray crystal
structure determination was used for unpolarized I.R. and polarized
I.R. studies. The crystal was ground,made intodKBr pellet and vacuum
dried for further I.R. study.
MONOMER 5
0,0'-bis phenyl gluterate diacetylene (BPG)
}.0008
FILL
0 H K

/ i
@}-c-c-c-t-z@

z-N-T

The BPG monomer is soluble in commof organic solvents and forms
needle shaped crystal of macroscopic size. The crystals can be polymerized

in the solid state to give red-gold polymer-monomer crystals.




This is a highly reactive diacetylene and it was not possible
to get a pure monomer for infrared studies.

A KBr pellet of an inactive crystal form of the monomer was used

to observe the C=C vibrational region of the monomer. The "as polymerized"
sample was the one used by David R. Day3 for crystal structure analysis.
This sample was irradiated for 60 megarad and was then leached, but
as found from the X-ray analysis, it has a composition of 65% monomer
and 357% polymer. Another "as polymerized" sample was ground and then
leached many times to obtain pure polymer. It was then made into a
KBr pellet for I.R. study. The three samples used were

1) 1inactive monomer

2) as polymerized and

3) pure polymer
RESULTS AND DISCUSSION

1. Heptadecadiyne-2,4-Acid-1

Infrared spectra of C__-Diyne-Ac were obtained in the region from

12
3100—450cm—'1 and are presented in the Figures 1A, 1B, 1C, 1D, and 1E.

The key to the figures is given in Table 2. Figures 2A, 2B(1), 2B(2),
2¢(1), 2¢(2), 2p(1), 2D(2), ?E(1) and 2E(2) give the sequential I.R.
spectra from a dose of zero megarad to 120 megarads in the spectral regions
A,B,C,D, and E of Figure 1. Table 3 gives the dose corresponding to a
particular spectrum of Figure 2. 1In both Figures 1 and 2 the band symbols

have identical values which are given in Tables 4,5, and 6.




Figures 3-5 give the plots of dose in megarad versus the intensity
of absorption of some frequencies which are relevent to the study of
conversion, solid solution formation and phase changes. Figure 6 is
a plot relating to crystallinity. The data for the last four figures
have been taken from the sequential spectra. Figure 1A contains well-
defined bands at three frequencies 2955cm-1(a), 2920cm_l(b), and 2850cm—](c)

representing the C~H stretching modes of the CH3-(CH side chains.

2)11
In spectrum 1 through 4 of the spectral series there is no major

change except that the shoulder near b (2920cm_l) corresponding to in

phase C-H vibrations6 decreases upon polymerization.

Figure 1B (2300—2000cm-1) presents the C=C vibrational zone for the
monomer and for the polymerized samples. In spectrum number 1 for the
monomer, there are two characteristic bands at d (2250cm—]) and e (2160cm-l).
In spectrum 2 for the as polymerized sample, the band at e has completely
disappeared and the band d has decreased in intensity to a considerable
extent, while a strong band has appeared at f (2100cm-1). In the sequential
spectra series (Figures 2B(1l), 2B(2)) a gradual decrease of band at 2250cm_1(d)
and a gradual increase of the band at 2100<:m—l with dose can be easily
observed. The 2160cm-1(e) band disappears completely after a dose of 35
megarad. The bands at 2250cm—1 and 2160cm.l are due to the symmetric56‘63
ans asymmetric C=C vibrational modes respectively in the monomeric diacetylene.
The band at 2100cm_l is due to the symmetrical vibrational mode of the
central carbon-carbon bond in the polymeric backbone. Ideally the 2250cm"1

band should also disappear with polymerization. Its presence after a 120

megarad dose can be attributed to the presence of a small amount of monomer,




but when the soluble :ligomer fractionis studied in this region
(spectrum 4, Figure 1B), there is only a slight indication of a

band at 2250cm-l(d) and no indication of a band at 216Ocm-1(e),
which are characteristic monomeric bands. The spectrum 3 (Figure 1B)
for the insoluble polymer shows a reduced 2250cm-l band.

The appearance of the symmetric backbone vibrational mode in the
polymer at a relatively low value of ZlOOcm_1 makes it evident that
there is a very strong m-electron delocalization aleng the backbone.

In going from monomer (two C=C bonds) to polymer (an equivalence of

one C=C bond in every repeat unit) the number of bands has reduced from
2 to 1 and because of electron delocalization the force constant of this
C=C bond has decreased to a value of 2100cm-1 in the polymer. At this
point, it can be concluded that there is no detectable trace of monomer
present in this system after a dose of 120 megarad.

In Figure 3 the intensities of the bands at 2250 & 2160cm -
representing the amount of monomer and at 2100cm_1 representing the amount
of polymer formed have been plotted against dose. The intensity of the
2250cm—1 band decreases constantly until it almost reaches zero, whereas
the intensity of 2100cm“1 band increases continuously and at about a
35 megarad dose reaches a constant value at which time the 2160cm_1 band
is about 0.

In Figure 1C (2000-1550cm_1) the following features are observed:
(1) 1In all of the spectra the C=0 stretching frequency is a doublet as

given below:

it s 17




l-monomer, 1700cm-1(e), l670cm_l(g), Av=30cm-l.
2-aspolymer 1715cm_1(d), 1690cm_l(f), A\)=25cm_1
3-insoluble polymer, 1725cm_l(c), 1690cm_l(f), Av=35cm-l.

- notuble ol tuener, 1735cm (b, 1715w “(d). Avedten o

(ii) Excepting the monomer (spectrum 1) all the rest exhibit a
considerably greater intensity for the higher frequency band.
(iii) The Av in each case is within 20-40cm—l.
(iv) In 80ing from monomer to oligomers or higher molecular weight
polymers there is an increase in the C=0 stretching frequency by
about 30cm_l.

The C=0 doublets are not unusual in the solid state of carboxylic
acids7-—11 where there are strong interactions between the -COOH groups.
The greater intensity for the higher frequency bands in spectra 2,3,4
as compared to 1 implies disruption of hydrogen bonding with polymerization.
The increase of the C=0 stretching frequency as mentioned in point iv
can be related to a decrease in the concentration of H—bonding7'12_14
or an increase in delocalization along the backbone and thus extensive
conjugation of the C=0 electrons. In the spectra of such materials changes
of crystal form, which influence the degree or type of H-bonding can result
in marked differences in the C=0 frequency (as observed in this case) and,

since these materials have a paraffin like packing of the CH3—(CH )

2 11

side groups, the change in packing also will greatly influence the —CHZ- -
bending and rocking modes. It is evident from the sequential spectra in ‘1

Figures 2C(l), 2C(2) that the band at 1700cm_1(e) for the monomer disappears
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slowly after a dose of 37 mrad. The band at 1670cm—l(g) starts
shifting slowly towards higher wave numbers. This observation
makes it clear that after a substantial dose the composition of
the system will be oligomer+polymers with a trace amount of undetectable
monomer. The reasons can be summed up as follows:
The C=0 stretching frequency is very succeptible to the molecular
environment and also is easily detectable in a minute amount of
sample. The characteristic monomeric C=0 stretching frequency is a
doublet at l670cm-1(g,strong) and 1700cm-1(e,shou1der), which disappears
and shifts slowly with dose and appears in a region reprxésentative
of a high molecular weight, highly conjugated system.
One can argue that the C=C stretching frequencies representing

the monomeric form are still present at the doses where the monomeric
C=0 stretching frequencies are gone. Following the sequential I.R.
spectra one can see that the 2160cm-1 band for the monomer slowly decreases
and then disappears at approximately the same dose (37 mrad, spectrum 17,
Figure 9B 2) as for the C=0 stretching frequency. But the symmetric
C=C band at 2250cm-1 is still quite strong and may be present in the

oligomeric material. On the other hand as the chain 1length increases
the characteristic polymeric band at 2100cmn1 goes on increasing in
intensity and becomes the strongest at higher doses. This phenomenon
is also supported by a characteristic band for the polymeric form. The
band at 177Ocm_1, which at this moment is not definitely assigned to any
particular motion, can be assumed to be a characteristic frequency for the

-(CHZ)n group with n>4, in juxtaposition with a highly delocalized C=C




X

m-electron. This band has been observed in a number of poly-
diacetylenes and this assignment will be discussed later. The
1770ca * (a) band appears as the monomeric C=0 band e disappears

and g starts shifting its position towards d. These changes

can be followed in Figure 2 C(1) and 2 C(2). In Figure 1 C this
band is not present in spectrum 4 representing the soluble oligomers,
which also do not show a significant triple bond character along

the backbone. On the contrary it shows a strong C=C stretching

15-19 1

doublet at 1650cm_l(h) and 1630cm (i). Thus the backbone

of these oligomers are similar to the butatriene model compounds.zo_za
These bands appear as a shoulder in spectrum number 2 and 3 of
Figure 8 C at 1630cm-1(i). The intensity of this band at an
early stage is different and lower than that at a later stage and
the band might also be shifted to a different position. The
appearance of C=C bands and the 177Ocm_1 band may also be related
to a phase change. These two sets of bands do not appear in the
"monomer rich" phase: After a phase change to a "polymer rich"
phase, these bands appear.

These C=C bands are highly characteristic of low molecular
weight polymer and soluble oligomers. In the oligomers the intensities
of such C=C vibrations exceed that of (&C and thus we see a strong

1, 1630cm-l) but in the polymer the situation is

doublet (1650cm
just the opposite and the doublet appears as a shoulder.
It is to be noted that in the entire conversion range there

are three components: monomer, soluble oligomers, insoluble polymer.
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In the initial stages of polymerization all these three components

are present. In and around the phase transition region soluble

oligomers and insoluble polymer with a trace amount of monomer
are present. In the final stage only oligomers and polymer are
present. It is likely that the data presented above is indicative [

of the phase change observed by electron difftaction.2

In Figure 1 D (1550-1200cm-1) and in the sequential spectra

in Figure 2 D(1) and 2 D(2) there are a number of bands related

to the packing of -(CHZ)n- with n>4.26—32

These are as follows:

1

a>1470cm CH2 bending deformation.

b*1420cm-l, Sh, CH3 bending deformation related to the ''monomer
rich" phase.

c+1380, CH3 bending deformation related

d>1350 to the "polymer rich" phase

p->1350-1180c:m—1 region, progression bands due to coupled out
out of plane rocking or twisting motions of CHjy groups.

ara of long chain

The progression bands are characteristic
fatty acids, esters, alcchols and paraffins. Excepting in the case
of acids, the intensity of the bands are very much redcued. They
are associated with coupled out of plane rocking or twisting motions
of the -CHZ- groups. These motions are associated with the trans

arrangement of the methylene groups and a particular type of packing

such as occurs in n-paraffins. In consequence, anything which inter-




13
feres with this arrangement modifies the spectrum in this region.
During polymerization a dramatic disappearance of these bands
occurs as can be seen in Figure 2 D(1) and 2 D(2).

As normally observed, the 1470<:m_1 band appears with a
shoulder and in Figure 1 D (spectrum 1) it is quite strong and
sharp but in spectrum 2,3,4 it is weak and not as sharp. The
llo20cxn‘1 band in spectrum 1 (Figure 1 D) disappears completely as
can be seen in spectra 2,3, and 4. On the other hand the bands
at 1380cm-1(c) and 1350cnr1(d) can be seen only in spectra of
polymerized samples. In the as polymerized sample (spectrum 2
Figure 1 D) the broad band d has c within it, but in the insoluble
polymer (spectrum 3, Figure 1 D) the two bands are separated with
c appearing as a shoulder of d. In the hexane soluble oligomer
(spectrum 4, Figure 1 D) the band c is the strongest with d appearing
as a shoulder. Considering the sequential spectra in Figures 2 D(1)
and 2 D(2) there is a continual decrease of the intensities of the

bands at 1470cm'l and 1420cm L

with the progress of polymerization.
After a dose of 18 Mirad (spectrum 13, Figure 2 D(2)) the band
appears with ¢ as a shoulder and after further conversion c merges
into d. During the gradual increase of the band d, the progression
bands p gradually decrease to almost zero with the progress of
polymerization.

A plot of intensity versus dose following the sequential I.R.
spectra of the bands at 1420cm; ! 1470cw * and 1350cm - indicates
the region at which the phase transformation between the solid

solutions occurs. This plot is given in Figure 4. The intensity

of “the 1470cm-1 band decreases with respect to the band at 1350cm-1,
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but with the progress of polymerization the integrated intensity

of the 1470cm-1 band increases to a point in the transition zone
(Figure 4) and then remains constant in the new phase throughout

the polymerization. Thus with the progress of polymerization,
starting from the zero megarad dose (Figure 4) to the phase transition
zone, the 1470cm_l band corresponding to CHy bending deformation
increases in intensity. The 1420cm_l band rapidly decreases to

zero and the l350<:m-l

band increases with polymerization and reaches
a constant value in the transition zone. The almost complete
disappearance of the progression bands can be explained by assuming
a reduction of order and/or a change in packing of the -(CHZ)n
side chain. The change in packing is considered to be the reason
here. That the crystallinity is not reduced will be evident in
the next few paragraphs. The increase in the integrated intensity
of the 147Ocm_1 band and the splitting of the CH3 deformation
modes into 1350:::111‘-1 and 1380cm-1 supports the idea of a change in
packing of the side chains after polymerization.

Figure 1 E, 2 E(1) and 2 E(2) contain other bands related to

the packing of CH3—(CH2)n side chain in the 1200-450cm‘1 region.33_35

The doublet 750cm-l(d) and 720cm-1(e) are characteristic bands

for (CHZ)n groups, with n>4, in the ctystalline36-39 state. This

vibration arises from a rocking mode of the CHy groups (and is

36,38
a

not strictly a skeleton mode) and the vibrations re

generally at right angles to the hydrocarbon chains.
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One important point about the 750 and 720cm-1 vibrations
is that a material in the crystalline state will show a doublet
because of interaction with neighboring molecules, but will be
a single peak in the amorphous phase. Studies of the relative
intensities of these bands therefore afford a convenient method
for the determination of the crystalline/amorphous ratio.

In Figure 1 E, this doublet is present in all four spectra,
in spectrum 4 the doublet is very small (because there is much
less sample). In Figures 2 E(1l) and 2 E(2) the sequential effect of
polymerization on these bands has been shown. There is a gradual
decrease in intensity of the doublet with polymerization. However,
the initial ratio of the intensities of these two bands is the same
as that in the final spectrum (120 M. rad dose) (Figure ¢ ).

The band at 905cur1(a) in the initial stage of polymerization
and the band at 83Scm_1(b) at high degrees of polymerization can
be correlated very well with ,a phase transformation during the
polymerization. As shown in Figure 5 when the intensity of the
905cm_1 and 835<:m“1 are plotted against dose the transition zone
is at the same place as in Figure 3 and 4. The literature40’41
indicates that these two bands are due to the CH2 out of plane
deformation of CH2 groups in the immediate vicinity of the m-electron
system. In the monomer the CH2 group has a sp-carbon atom and the
packing is that of the monomer rich phase. In the initial stage
of polymerization the concentration of such CH2 groups decreases

and causes a drop in intensity of the 905cm-1

band. In the
transition region because of a change in packing in the polymer

rich phase the vibrational mode for the CH2 group adjacent to
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spz—carbon atoms of the backbone becomes predominant and appears at
835cm~l. This 835cm ) band increases in intensity with further
polymerization.

There is one more band in this region at 600cm—1(g), which
must be considered. This band decreases with polymerization and
completely disappears (Figure 2 E(1) and 2 E(2)) at the point where the
.phase transition occurs. . No specific band assignment
can be made for this band but it is probably related to skeleton
vibrations in the monomer rich solid solution.

Figure 3 is a plot of intensity versus dose for v=2250cm-l

and 2100cm.1. These bands relate directly to the monomer and

oligomer concentration (2250cm-k and the polymer concentration

2100cm_g.
Figure 4 is a plot of intensity versus dose for the bands
v=1470cm—1, 1420cm—1 and 1350cm-1, and is related to the phase

transformation during polymerization. Figure 5 is a plot of
intensity versus dose for the bands with \)='=905cm._1 and 83Scm-1,
also related to the phase transformation in the solid solution.
Figure 6 is a plot of the ratio of intensities of the doublet

. and 720c1'n-1 as a function of polymerization and gives an

750cm”
idea about the change in crystallinity with polymerization. The
conclusions derived from these figures and the presented spectra
are given below:

1. Figure 3

The band as 2160c1u"1 representative of the assymmetric C=2C
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vibration of the monomer disappears at about 37 Megarad dose, thus
giving evidence that almost all monomer has reacted at this point.

Considering the intensity of the 216(.).:m-1 band at zero Megarad
dose to be equivalent to 100% monomer spectrum 17 (Figure 9 By)
indicates about 98% conversion after 37 Megarad dose. It is important
to note that in the phase transition zone the band at 2100cm-1
representative of the polymeric m-electron backbone motion levels
off. This can be considered to mean that conversion of monomer to
polymer is negligible after this leveling off.
2 Figure 4, Figure 5

By considering the spectral region from 2300cm_l through
450cm_1 over all the sequential spectra, it is quite reasonable
to conclude that there are three components in solid solution
during polymerization and they are a) monomer, b) soluble oligomers,
c) insoluble polymer. These three components form two distinct
solid solutions on either side of the phase transition region. In
the initial stage of polymerization before the phase transition, we
have a 'monomer rich' phase in a solid solution which contains
oligomers.and polymer. The phase change involvés a change
in packing of the paraffinic side chains during polymerization. The
bands at 1420cm-1, 905cm-1, 600cm-1, and the progression bands are
representative of the packing of (CHZ)n groups in the 'monomer rich'
phase whereas the 1350cm-1 and 835::11:-.1 bands are related to the pack-

ing of (CHZ)n groups in the 'polymer rich' phase.
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This phase transformation occurs when polymer content is about
63-70% (calculated on the basis of the intensity of the 2250cm-1
band as representative of 100% monomer at zero mergarad dose).
3 Figure 6
Considering the ratio of intensities of the bands with \)=750cm.l
and 720cm.1 at zero megarad dose as representative of 100% crystallinity,
one can see a constancy of crystallinity through the entire range
of polymerization.
4.
In the "as polymerized" and "insoluble polymer" samples the
backbone 2100cm_1 band is stronger than the 1630cm_1 band correspond-
ing to C=C. In the sequential spectra this 1630cm-1 band is not
observed in the early stages of polymerization but only at a dose
of about =31Mrads (Figure 9 C(2), spectrum 16) corresponding to =60%
polymer. On the other hand the soluble oligomers show a very small
peak at 2250cm_1, a strong band at 1630cm-1, and no peak at 2150cm »
or 2100(:1!1-'1 (Figure 1 C bands h,i). This is a clear indication of
a butatriene type of structure in the oligomers. The implication
is that the oligomers contain more of a contribution from the
butatriene type structure and the insoluble polymer has more con-

tribution from the acetylenic type structure. These assignments are

verified in other studies described in this section.
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E
Table 2
Spectrum Number Form ]
1 Monomer
2 As Polymerized
3 Leached Polymer (Solvent
He xane)
4 Leached Out Solution
Figures Spectral Region
A 3100-2800cm !
B 2300-1000cm !
c 2500-1550cm -
D 1550-1200cm -
E 1200-450cm

Key to the Figures 2A, 2B, 2C, 2D, 2E of the monomer

Cl'l3— (CH -C=C-C=C-COO0H.

2)11
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2800 2300
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FIGURE:

1

FTIR SPECTRA OF Clz-DIYNE-ACID(BULK)
POLYMERIZATION.
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2000 1 1550 1550 1200

FIGURE: 1. FTIR SPECTRA OF C,,-DIYNE-ACID (BULK)

POLYMERIZATION.
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FTIR SPECTRA OF Clz-DIYNE—ACID (BULK)

POLYMERIZATION.

1.

FIGURE:




(] ~
A
w.
) e 06° 1t )
00° 02T 22
, 007021 € 06°8 9
| 05 * 001 1£4
b—— - B . e S
Ty ! 05 ' 00T 21
00021 02 958 oz —
. Y -
0500t 61T 9°89 61 29°89 "
o T €295 ot (L3¢ 9
09°99 8t €2° 9% 8t
08 Ll 6 oo z
09°89 L 09 L€ Lt
. 96°€2 8 00°0 1
€29 gt 06° 1€ 91
» pessniey (avd w) HITWAN (ave'w) HITMNN
, 08¢ St 86°€2 [41 3s0g WN¥LI3dS asog WML 234 S
] Za iy !
; av'3 ‘STUND14
06°1¢ L 2Lt "t
T
86°€2 Ct 9L a1 €t
€l zZt 06°T1 21 06° 11 2t
a9 9L a1 t 546 184 sL6 u POTER =
06° 11 ot 06°8 ot 00021 2z 06'R ot 0% " 00T ot
sL6 6 g 6 5001 e L 5 oy ®
169 g (e g 09°98 oz e e 9'99 e i
g 0 w9 ¢ 09°89 61 w9 ) €298 L
e 9 (7L 9 €z 98 et LYAL] 9 08" L€ 9
W c e c 08°LC u €oc < 069 S
— ~ - W - - e
09 L] St " 06° 1€ 9t | snt L 08"y L]
Sn°t 4 90°1 ¢ 86°(2 St _ 901 « 051 (4
om0 2 oo z zL ot _ on'o 2 on'0 2
= S
00°0 1 00°0 t 9L nt ¢t ! 0o T 00'0 t
(avi'm) ¥ITWAN (ave'w) HIAWNN (Poy m) Jequmy (p"y°m) Jequny (e*y"m) asquny
| 320d | moM123ds 3500 rn6|l.:;,mm;‘u. enoq wmiyoadg eroq I?:uosml ewoq wniyoedg
Zq v 'a  ismMoord ‘239 To tsawnold v "aw g csannond 'y 'a¥nold
~R=={UIONIINDSY  ATEVE T e (G3NNILNOD) ¢ raeve

Z 2an31 o3 A9y ¢ ¥1qe]

R — B S——




-—— At

24.

*INZSEY =

v

‘ANTSHYd =

d

*dIOV-3NAIQ-

A

O d0 NOIL

-YZIYINATOd AIVLIS QITOS 40 VHIOAIS QAY-~YHINI NI SANVE FHI ¥Od SIIONINDIYd dIAYISHO

[

v

v

v

f ﬂ

d

v

d

€

'STUNDIA

d

v

d

v

d

d

0012

091¢

0sez

N
e

=
V ’
v 1 1sundId )

.

]
\x\mpﬁzz
e @.T naj3oadg

Sy SETIEVL




-

25

*INISI¥d = 4 ‘INISEV= ¥V

qI0V-INAIQ-C

T

40 NOILVZINTWATOd FIVLS AITOS 40 Y¥10ddS (E¥-VHJNI NI SEIONINDIUL QIA¥ISE0

d

v

v

A

d

v

d

v

4

€

Ty Z.sguno1d
o) 3 8

0€9T

0491

0691

0041

G2LT

o

unJj3oadg

S

IIEVL

»

|




20.

*spueg uorsssagdodd=ad ‘JINISHY= ¥V ‘IN

JILVLIS dITO0S 40 VHIOE4S QEY-YHANI

—~ ey

do4d

dd= d

+ aroy-3IniIg-°©

I

0 40

NOILVZIHEWATOd

NI SANVE FHI 404 SIIONANDIdd dIA¥ISHO

AH

d

d

S—

v

d

d

v

v

T

f

d

d

€

d

X,

009

049

G06

wo

’ZH‘T? z

‘g 1 +STUNDTL

sommmcll

.

a4

0S€T

08€T

[ ‘
¢q Tq2

W coyons |

‘G T SIYNDIL

3 3 . - HIENON
- < 2 4 - WNEID3dS

9 ‘ITEVL




27.

T ——lmrs

i‘,_ FIGURE: 3  SEQUENTIAL IR SPECTRA OF SOLID STATE

POLYMERIZATION OF Clz-DIYNE-ACID( BULK) .
]

(3100-2800 cm”~
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FIGURE: 2 SEQUENTIAL IR SPECTRA OF SOLID STATE

POLYMERIZATION OF Clz—DIYNE—ACID(BULK).

(2300-2000 cm‘l)
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FIGURE: 2 SEQUENTIAL IR SPECTRA OF SOLID STATE

-1

POLYMERIZATION OF Clz-DIYNE—ACID (BULK) .

. (2000-1550 cm'l)
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FIGURE:2. SEQUENTIAL IR SPECTRA OF SOLID STATE

POLYMERIZATION OF C,, DIYNE-ACID (BULK).
(2000-1550 em™1).
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POLYMERIZATION OF C,,-DIYNE-ACID (BULK),
. (1550-1200cm™1) .
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FIGURE: 2 SEQUENTIAL IR SPECTRA OF SOLID STATE

POLYMERIZATION OF C,,-DIYNE-ACID(BULK).
(1550-1200cm™1)
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§ FIGURE: 2 SEQUENTIAL IR SPECTRA OF SOLID STATE
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SEQUENTIAL IR SPECTRA OF SOLID STATE

POLYMERIZATION OF Clz—DIYNE-ACID(BULK).

» (1200-450em™ 1) .
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MONOMER-2

-C=C-C=C~CH,OH

Heptadecadiyne-2,4-0L-1 CH3-(CH2)ll 2

The infrared spectra during solid state polymerization
of C12—Diyne—OL in the region 3100—1&50cmu1 are shown in
Figures 7A, 7B, 7C, 7D and 7E. The key to these figures
is given in Table7. A,B,C,D, and E denote the
spectral regions 3100-2800cm™ T, 2000-1550cm ™ 1, 2000-1550cm 1,
1550-1200(:m-1 and 1200-4500m_1 respectively. The band
assignments representative of the modes in these spectral
regions are given in Table 8.

The bands at 2955cm © (a), 2920cm -(b) and 2850cm * (<)
are present in all the five spectra in Figure 7. As in
the case of MONOMER 1, no change is observed in this
region.

Figure 7 shows the C=C vibrational zone. In this
region few changes could be observed. The apparent
monomeric form (spectrum 1) shows only one band at
2250<:m_1 corresponding to the symetric C=C vibrational
mode. With polymerization no distinct new mode appears.

This situation can be rationalized in terms of the lower polarity

of the alcohol as compared to the acid, discussed previously.
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The detailed band assignments for the bands in Figures
7C, 7D, and 7E are given in Table 8.
In Figures 7C, 7D, and 7E one can see that the bands

l, 1355cm-l and 1030cm—l might be used to

at 1740cm
follow conversion and the doublet at 720cm—1, 680cm—1can

be used to observe changes in crystallinity. A CH2 group
adjacent to a delocalized m-electronic system shows a band
37-40 in the region 1710—179Ocm—1. It has been assigned to
be a combination CH, rocking mode. In a system with

2

a strong polar group (like -NO, or -COOH) at the other

2

end of the m-electron center this CH2 combination mode
tends towards 1790cm—l and this was the observation with
MONOMER 1. On the other hand this CH2 rocking

combination band appears at a lower frequency when there is
a weak polar group at the other end of the m-electron
center. The l7lc0cm"l band is assigned to the combination
mode. In the monomer it is weaker than the band at
1630cm-1 but as polymerization proceeds it increases in
intensity and becomes stronger than the 16400m_1 mode.

As the combination band at 1740cm“l increases in intensity
the component bands (1030cm_l, 710cm_1) decrease in
intensity. With polymerization the 1740cm-1 band broadens
and 1ts center moves to 1720cm .. A similar behavior

of this CH, rocking combination mode has been observed in

MONOMER 1.

-
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In Figure 7C, in spectra 1, 2, and 3 one can see a decrease
of the band at 1630cm-1. In spectrum 4 (insoluble polymer)
both the bands at l720cm-l and 1630(:111_1 are well resolved.
In spectrum 5 (soluble oligomers) the bands are similar to
monomer spectrum 1. In Figure 7E, spectrum 1 the 800cm—-1 band is
broad and becomes sharper with polymerization (spectrum 3).
For the insoluble polymer (spectrum 4) and soluble oligomers

(spectrum 5) the bands 810cm_l and 83»Ocm_l are well resolved.

It is apparent that the band at 800cm - ranges from 800-830cm

and with polymerization it appears as a doublet. The band
assignment has already been shown in Table 8.
The CH2 adjacent to aspz—C atom in the polymeric
backbone has an out of plane deformation mode in this
region and so it difficult to make a specific assignment.
It is logical to assign the bands at 1630cm © and at
830—800cm-l to C=C stretchings (v2 andv3 of butatriene)
in a butatriene type of molecule. Three backbone modes in butatriene
and its derivitives have been reported (vl, v, and v3). They
occur at’\12079cm“1 (vl), N1620cm—1(v2) and N805cm-l(v3)
20-24. There are numberous examples where only %2 anu v, can
be observed with variable (+ 10cm-l) positions and intensities.
This is observed in spectrum 1 of Figure 7. In this context it is
to be noted that spectrum 1 does not represent an actual monomer
but has considerable oligomer in it. Clz-Diyne_QL is a more reactive
monomer that its acid anaglog (MONOMER 1). In solution and at a

low temperature (during storage) it will begin to polymerize

oY TP TInTE S vy -
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and can be seen as red colored particles. In the solid state

when kept in the infrared beam for a few minutes (at room

temperature) it undergoes considerable polymerization which can

be seen from its red color and spectroscopically (spectrum 1 of
Figure 7A,B,C,D, and E) as well. But this polymerized fraction

is soluble in the common solvent (used to dissolve monomer).

Hence it has been considered to be monomer with considerable

soluble oligomer in it. That the low molecular weight
soluble oligomers,as in the case of MONOMER1, has a butatriene type
of structure is indicated by the bands at 1630(‘,m_1 and 330—810cm-].
The detailed band assignments for Figure 7D can been seen

in Table 8. As has been observed for the MONOMER 1 the 1355cm-1

band increases in intensity with polymerization as compared to the
11470cm-l band. The band at 11;30cm—l disappears with polymeriza-

1, 1260cm_1) are well

tion. The -OH deformation modes (1400cm
resolved in the oligomers (spectrum 5). With polymerization ]AOOcm—]

band merges into the broad, intense 1355—1380cm_1 band.

i As has been mentioned earlier the bands at 1030cm-1 and
720—680cm-l have been assigned to (CH2)n rocking modes and they
decrease continously with polymerization, whereas their combination

mode (17100cm.-1 region) increased in intensity.




Figure SpectrallRegion
(em ™)

3100-2800

2300-2000
2000-1550
1550-1200

1200-450

Spectrum No.

Description

Monomer
Intermediate

As Polymerized
Insoluble Polymer
Soluble oligomer
(as above)

(as above)

(as above)

(as above)
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Table 8
-1
Figure vem Assignments
17C 1740 Combination, (CH )n rocking
(1030+710cm )
1630 Butatriene vjp, C=C stretching mode
1 14708 CH2—bending deformation
1430 sym. and asymmetrical CH3 bending
1400 Inplane OH deformation
1380 Asym. & symmetrical —CH3 bending
1355
1260 ~OH in plane bending, when coupled
with a torsional mode of an adjacent
CHz group.
17E 1100 C-0 stretch
1030 CH2 rocking
930 sp-C CHZ-out of plane deformation
830~800 i) butatriene v3, C=C (one bound)
i1) spz—C CHz-out of plane deformation
720 (CHZ)n’ n> 4 rocking mode related
to packing
680

s a—
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FIGURE: .7 A FTIR SPECTRA OF SOLID STATE POLYMERIZATION
OF C,,-DIYNE-OL (BULK).

12




T

2000

5 SOLUBLE OLIGOMER.

4 INSOLUBLE POLYMER.

3 AS POLYMERIZED.

2 INTERMEDIATE.

1 MONOMER.

FIGURE: 73 FTIR SPECTRA OF ClZ-DIYNE—OL
(BULK) POLYMERIZATION.
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INSOLUBLE POLYMER

3
AS POLYMERIZED

2
INTERMEDIATE

1
MONOMER
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FIGURE: ?C FTIR SPECTRA OF SOLID STATE POLYMERIZATION
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12

-DIYNE-OL (BULK).
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]

1550 1355

5 SOLUBLE OLIGOMER

4 INSOLUBLE POLYMER

3 AS POLYMERIZED

2 INTERMEDIATE
1 MONOMER

1

1200 cm™

FIGURE: 7D FTIR SPECTRA OF SOLID STATE POLYMERI-
ZATION OF C,,-DIYNE-OL (BULK).
( a =1430, b=1400, c=1380 ém~1).
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(810-800)

1200 450

FIGURE: 7E FTIR SPECTRA OF SOLID STATE POLYMERIZATION
OF C,,-DIYNE-OL ( BULK)
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MONOMER 3

Heptadecadiyne-4,6-Acid-1 CH3—(CH -C=C-C=C-(CH,}.,~COOF

2)9 2
In this material the polar-COOH group is two carbon atoms away from the
diacetylene rod in the monomer and then-delocalized carbon atoms of the poly-

meric backbone. Thus the polar effect of the -COOH group in the delocalized

n-electron system should be negligible. Thkis is observed in the C-C stretching

frequency as well as in the C=0 stretching frequency. The key to Figures 8A,B,C,D

and E is given in Table 9.

Thus Figure 8A (3100—2800cm_1) represents the C-H stretching modes in the
CH3—(CH2)n hydrocarbon chain. As we prcceed frem spectrum 1 through 4 no
major change can be observed. In the 2300-2000cm_l region in Figure 8B there
are two bands at 2195cm—1 and 2150cm—1 corresponding to the symmetric and
asymmetric vibrational modes of C=C bonds in the monomer. In most of the
diacetylenes the detectatle bands are at 2250cm—1 and at 2150cm—l c
The reason for the shift of the 2250cm“l band to 2195cm_1 is not clear at this
moment. During polymerization the 2195cm-l band disappears osrior to the 2150cm
which is contrary to the observeticr for MONGMER 1 (where 2150cm-1 disappears
first). The differences may relate to the fact that the polar group is farther

removed from the diacetylene unit.

Complete disappearance of the 2150<:m-l band after a dose of Megarad 22-25

is indicative of the fact that practically all the monomer has reacted to yield

oligomers and/or polymer.

In Figure8C the spectral region 2000—1550cm-1 has been plotted, Table 10
gives the band frequencies for Figures 8 C and 8D The following are the band

assignments: 40-42.

1

’
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a+1770cm_1, combinaticr band (%]Cé(+720)cm-1, —CH2 rocking mode.

b+1690-1720cm-1, C=0 stretching mode.
c+1630—1615cm-1, C=C stretching mode.

As with the previously discussed systems, the l770cm_1 band is assigned
to (CHZ)n rocking adjacent to a delocalized m-electron and appears only :fter
scne conversion to polymer. The appearance of this band is also accompanied

the decrease in intensity for the component modes (Figure 8E),
decrease in intensity of the 920cm_l band and the appearance of an 835<-m_1
band (Figure 8E).

These bands are related tc tlte (:fflerert (CHZ) vibrational modes and are
succeptible to its enviroment (packing and electronic). It has also been
observed that the 1630cm-l band appears simultaneously with the I770<‘m—1 band.
The C=0 stretching frequency at 169Ocm“l broadens with the progress cf
polyvrer’zeticor, but in contrast to MONOMER 1, the band does not shift its
position. This observation gives an additional support to the explanation for
the shift in the C=0 stretching frequency to l720cm_l in MONOMER 1, where
with the progress of polymerization the C=C bendfig e€'ccetrcre are conjugated
with the delocalized m-electrons of the backbone.

As has been observed with the other compounds, this compound also shows
a strong doublet at l630-1615cm_l (Figure 8E spectrum 4) for the oligomers.
This suggests a butatriene type cf ctirucitvie for the soluble oligomers as in
compounds 1 and 2.

In the spectral region 1550--1200cm-1 (Figures 8D, there is a significant

difference among the spectra of monomer, polymer and oligomer. The band

frequencies are given in Table 17 and the assignmerte 26-41 cve oo folicwe:
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a»1460cm-1, CHZ—bending deformation in —CH3 groups.
L+1430cm-l, sym. and asym. C-H bending deformation in —CH3 groups.
c>1415 _
cm —CHZ-deformation adjacent to C=0 group

d+1400
e*1370cn sym. and asym. C-H bending deformation
f->l355cm-l in —CH3 groups
g*1350

1170cm _Yrogression bands (?)
h» 1260cm ~, CO and -OH coupled inplane deformation.
In this case with the progress of polymerization, the bands at 1460cm“1 and
ll&30cmm1 decrease in intensity as compared to the new band at 1355cm-]. In the
as polymerized and in the insoluble polymer spectra (spectra 2 and 3 of Figure 8D)
these two<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>