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ABSTRACT: The Raman spectra of cis-1,4-, trans-1,4-, and 3,4-polyisoprene are presented, and the frequencies

are classified by configurational structure type.
vibrations are used to describe structure content.

The stretching frequency of the carbon-carbon double bond
Only Raman bands characteristic of total 1,4 content and total

vinyl content can be observed. Tentative values of structure content determined by both peak height and peak

area are presented for two mixed structure rubbers.

he polymerization of 1,3-polyisoprene can proceed

by either 1,4 addition or vinyl addition. In the
former case, either the cis or the rrans isomer can occur.
Thus, four structural units are possible: c¢is-1,4, rrans-
1,4, 3,4-vinyl, and 1,2-vinyl. The 1,2-vinyl unit is identi-
cal with the 1,2-polybutadiene vinyl unit. Figure 1
shows these four possible structures arising from the dif-
ferent polymerization routes.

Infrared analysis of polyisoprenes has shown absor-
bance bands at 1130 and 1150 cm~! characteristic of
cis-1,4 and rrans-1,4 placements, respectively.? A
unique band at 1140 cm™! has been observed? for 3,4-
polyisoprene. The band at 910 cm!~, observed in
polybutadienes, is characteristic of 1,3 placement.*
Using these bands, structural determinations can be
made on isoprene rubbers. However, the results for
isoprene rubbers have not been consistent with nmr re-
sults, in contrast to polybutadiene for which infrared
measurements yield acceptable results and are in good
agreement with nmr results. Kossler and Vodehnal®
assert that only long sequences of cis- or trans-1,4 place-
ments give rise to absorbance in the 1100- and 1150-
cm~!region. They report better results using the 572,
980, and 888-cm~! bands for cis-1,4, trans-1,4, and vinyl
3,4, respectively.

It is the purpose of this paper to report the Raman
spectra of several polyisoprenes. No normal coor-
dinate analyses have been reported for polyisoprenes, so
we do not have this aid in assigning the Raman fre-
quencies. Since there is no local symmetry in the iso-
prene chemical repeat unit, no selection rules due to
symmetry occur; the infrared assignments can be used
to assign bands in the Raman spectrum. We have
demonstrated the sensitivity of the stretching mode of
the carbon—carbon double band, WC==C) vibration in
the Raman spectra of polybutadienes for determining
structure content.® We shall investigate the behavior
of these motions in polyisoprenes. From the Raman
spectral frequencies, we shall classify the observed bands
for configurational structure type.
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Experimental Section

The samples used in this investigation are cis-1,4-poly-
isoprene, trans-1,4-polyisoprene, cobalt polyisoprene, sodium
polyisoprene, and 3,4-polyisoprene. The cis-1,4-polyiso-
prene is Goodrich-Gulf SN-900, and the rrans-1,4-polyiso-
prene is from the Polymer Corp. The cobalt and sodium
polyisoprenes were specially prepared by J. White at Good-
rich-Gulf Chemical Inc, The 3,4-polyiosprene was ob-
tained from Binder and is the sample he used previously.®
The cis-1,4-polyisoprene is a clear solid. A fresh sample
was cut from the rubber slab so as to expose fresh unoxi-
dized surfaces. The sample was nominally #s in. thick
and was examined by front surface scattering. The trans-
1,4-polyisoprene (as received) did not give a good spectrum.
A film cast from hexane solution onto a glass slide produced
a sample which gave a good spectrum by front surface
scattering. Both the cobalt and sodium polyisoprenes are
colorless; samples of about /s in. thickness were placed
on glass slides and examined by front surface scattering.
The 3,4-polyiosprene sample was received as a white repre-
cipitated powder, and was examined by the powder sampling
technique.

The laser-Raman spectrometer used for this investigation
has been described previously.” It consists of an RCA
Model LD-2101 argon ion laser, a Spex 1400 monochroma-
tor with sample illuminator attachment, an EMI 6256S
photomuitiplier tube, a Keithley 104 wide-band amplifier
and an ac diode ring multiplier, and a Texas Instruments
servoriter I chart recorder.
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Figure 1. Polyisoprene polymerization mechanisms.
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Figure 4. Raman spectrum of 3,4-polyisoprene. 879
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Results 798
The Raman spectra of the isoprene rubbers are shown 786
in Figures 2, 3, and 4. A tabulation of all the frequen- 753 749
cies from these spectra is shown in Table I. The high- 728 730 730
frequency region, not shown in the figures, is also in- 710
cluded in Table I. Frequency assignments in Table I 363 >88
. . . 539 Yu(=CCy), §(CCC)
are based on the infrared assignments of Binder.$ 493 493 4H=CCy), y(—CCy)
The high-quality spectrum of cis-1,4-polyisoprene is 467 453 ’ i
shown in Figure 2. There are doublets appearing at 428 423 ~(=CC)
1431 and 1445, and 1359 and 1369 cm~1. The y(C=C) 355 362 v5(==CCy)
band appears at 1662 cm~!,  There is a band at 1130 343
c¢m™1, as observed in the infrared spectrum. 287 v(=CCy), 3CCC)
The spectrum of trans-1,4-polyisoprene is shown in 250 HCCC), ol ~CCY)
Figure 3. The received sample did not produce a 179 215
good spectrum, but a film cast from hexane solution did «y, = out-of-phase stretch, » = in-phase stretch, v, =
produce a good spectrum.  The »(C—C) band appears asymmetric stretch, », = symmetric stretch, 8( ), = in-
at 1662 cmTL, also noted for the CfS-1,4 Sample. There plane deformation, » = stretch, v, = rock, vy, = scissor,

are no doublets in the 1350-1450-cm~! region. There v« = wag, § = deformation. * Seeref 5.
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isa band at 1148 cm~! equivalent to the 1150-cm™* band
observed in the infrared spectrum.

The powder sample of 3,4-polyisoprene produced a
good spectrum, shown in Figure 4. The »(C=C) band
appears at 1641 cm~! The higher frequency 1431-
1442-cm~* doublet is observed, but the lower frequency
1359-1369-cm~1 one is absent. The 1400-cm~1 band is
stronger in this spectrum than any of the other spectra.
There is a band at 1162 cm™! instead of the 1140-cm™1
band reported for infrared. There is also a band at
1188 cm~t, The 885-cm~1! band is very intense, and, as
the infrared results for 888 cm~1 report,® may be a good
analytical band for structure determination.

Discussion

The assignments for the Raman bands reported in
Table I were taken from Binder’s infrared assignments.®
The region below 550 cm~! was assigned using Shima-
nouchi and Abe’s skeletal deformation vibrations anal-
ysis.® Examination of the spectra for the cis-1,4,
trans-1,4, and 3,4-polyisoprenes allows compilation of
frequencies by configurational structure type. These
results are tabulated in Table II.

TaBLE IT

POLYISOPRENE FREQUENCY ASSIGNMENT BY
CONFIGURATIONAL STRUCTURE TYPE

———Wave number, cm~l—-—
trans-
cis-1,4 1,4 1,2 34 Assignment
3033 3010 3074 3068 y(=CH)
2087 2980 vs(=CH)
1662 1662 1639 1641 (C=C)
1445 1445 (1440) 1442 8.(CHs)
1369 1380 1362 8s(CH3y)
1321 1323 8(=CH);,,?
1308 1304 1304 8(=CH);;,?
1130 1148  (1131) 1162 w(C-CHy)
1070 1094 1083 ?
910 v:(CHy)
889 879 885 8(CH)
565 588 ?

In the high-frequency region, there appear four dis-
tinct bands at 3033, 3010, 3074, and 3078 cm™?, respec-
tively, for cis- and frans-1,2 and 3,4 placements. The
problem of overlap of a vinyl peak with the cis peak,
encountered with polybutadienes, does not appear to
occur for polyisoprenes. Although the »(=CH) vi-
brations show a different frequency for each structure,
they are badly overlapped by the »(CH,) vibrations and
so are not useful as analytical bands for structure deter-
mination.

The »(C=C) band occurs at 1662 cm~! for both cis-
and trans-1,4 placements. This peak was noted at 1664
cm™! in polybutadiene for rrans-1,4 placement. The
3,4-vinyl position is located at 1641 cm~1, For 1,2
placements in polybutadienes it was observed at 1639
cm~Y,  There appears to be little if any difference in the
location of the »(C=C) band for 1,2 and 3,4 placements.
For isoprenes we are able to detect only total 1,4 place-
ments and total vinyl placements, in contrast to poly-
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butadienes where a different band position was ob-
served in the y(C==C) frequency region for each struc-
tured type.

The §(CH;) vibrations have different band positions
for each structure type, but the separation is so slight
that distinct peaks would be difficult to resolve in a mix-
ture of these structures. The same phenomena, which
was observed for the »(C=C) vibration, is noted for the
8(=CH);, vibration. cis and frans content are ob-
served at 1321 and 1323 cm™?, respectively. The posi-
tions for 1,2 and 3,4 vinyl are both at 1304 cm~.
However, there is also a band in the cis spectrum, ap-
pearing at 1308 cm~?, which could create problems for
quantitative structure determination.

The bands in the 1130-1150-cm™! region, suggested
by Kossler and Vodehnal?® to describe long-range order,
appear at 1130, 1148, and 1162 cm~1, respectively, for
cis, trans, and 3,4 placements. Zerbi and Gussoni®
predict a band at 1131 cm™? for 1,2-polybutadiene, but
no such peak was observed in the spectrum of sodium
polybutadiene. If present, this peak would affect cis-
content results. In the Raman spectra, these bands
are weak and would not make good analytical bands for
structure determination.

There are weak bands in the 1070-1100-cm™! region
of the Raman spectrum which show a sufficient separa-
tion in position among structure types. These appear
at 1070, 1094, and 1083 cm™1 for cis, trans, and 3,4 place-
ments.

The 910-cm~! band in the 1,2-polybutadiene spec-
trum can be used to determine 1,2-vinyl content. The
ir band at 888 cm~! appearing at 855 cm™! was sug-
gested for measuring 3,4 content.? This appears to be a
good suggestion as the 885-cm~! band is moderately
strong in the 3,4 spectrum, and appears in both the co-
balt and sodium polyisoprene spectra. However, there
is a very weak band at 889 cm™! in the ¢is spectrum and
medium band at 879 cm~* in the rrans spectrum which
may cause some interference. The 572-cm~! band was
suggested for measuring cis content.? There is a band
at 565 cm~! in the cis spectrum, and also a band at 588
cm~1in the 3,4 spectrum. Since these are broad bands
of weak intensity, overlap may be a problem, but other-
wise the suggestion is feasible. The suggestion of using
the 980-cm~! band for 7rans content® has some diffi-
culties. Bands are observed at 996, 994 and 996 cm™t,
respectively, for the cis, trans, and 3,4 spectra. No
band at 980 cm™1is observed.

The results of this examination are that no unique,
strong bands exist in the Raman spectrum for mea-
suring structural placements as was found for poly-
butadienes. However, total 1,4 and vinyl content can
be measured using the »({C==C) bands at 1662 and 1641
cm~1, A high-resolution scan of this region, shown in
Figure 5, was made, as was done for the polybutadienes,
and the structure content reported in a similar manner.®
Both peak height and peak areas of the band were mea-
sured. The cis-1,4- and trans-1,4-polyisoprenes both
produced a single peak at 1662 cm~* The 3,4-poly-
isoprene produced a single peak at 1641, although some
noise was present at 1662 cm™1. The results for the co-
balt and sodium isoprenes are reported in Table IIL
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Figure 5. High-resolution scan of »(C=C) region in iso-
prene rubbers: (1) cis-1,4-polyisoprene, trans-1,4-polyiso-
prene, (3) 3,4-polyisoprene, (4) cobalt polyisoprene, (5) so-
dium polyisoprene.

Because the 1662-cm~! peak is broader than the 1641-
cm™! peak, the results based on peak area show a
higher 1,4 content than the results based on peak
height. No infrared or nmr analysis is currently avail-
able for these special preparations, so detailed com-
parison cannot be made. Some data on sodium iso-
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TaBLg HI
STR":CTURE CONTENT OF POLYISOPRENES
Measurement %¢ structure Cobalt Sodium
1.4 53 48
Peak height
Vinyl 47 52
1.4 61 56
Pzak aress
Vinyl 39 44
cis-1.4 0
Lit. velues+ trans-1,4 43
1,2-Vinyl 6
3,4-Vinyl 51

« Data of Sterns and Forman.!®

prene were presented by Sterns and Forman,!® also
shown in Table III. Adding up 1,4 and vinyl content
for their values indicates a better agreement with the
peak height determination than the peak area deter-
mination.

In conclusion, only 1,4 and vinyl content for polyiso-
prenes can be determined by Raman spectroscopy.
Values for cis- and frans-1,4 content must be deter-
mined by a ratio of two bands characteristic of c¢is and
trans content, respectively, and the value for total 1,4
content. The 565-cm~! band might be a proper choice
for the c¢is band, but no comparable band (996 cm™1) is
available for the rrans band. The 885-cm~! band might
be a proper choice for 3,4 content, along with the 910-
emUband for 1,2 content. Thus 1,2 content and 3,4
content could be determined from the total vinyl content.
It is necessary to have well-characterized samples to cal-
ibrate this method before any quantitative measure-
ments of configurational structure content can be made.
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