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ABSTRACT: The infrared spectra for a- and P-trans-1,4-polyisoprene are compared, and a correlation is 
found between both the frequencies of their observed vibrational modes and their potential energy distribution 
from normal coordinate calculations for a single chain. Each band in the P spectrum corresponds to either 
one or two bands in the CY spectrum. Correlation between each of the spectra of the two crystalline forms 
and the amorphous TPI is used to assign the infrared bands of the latter. 

Introduction 
truns-1,4-Polyisoprene, TPI, precipitates from various 

solvents as single lamellas with crystalline cores and 
amorphous surfaces1i2 or as multilamellar  structure^,^^^ 
depending on the crystallization conditions. Two crystal 
forms, a and @, have been clearly identified for this poly- 
mer. The a-form has a monoclinic unit cell with two 
chains, each containing two repeat units! The @-form has 
an orthorhombic unit cell with four chains, each containing 
one repeat unit! Partially crystalline TPI can be prepared 
from solution with only the a-form, only the @-form, or 
both crystal forms present., The nature of the fold surface 
in solution-crystallized TPI lamellas has been investigated 
by using quantitative chemical reactions in suspension 
coupled with carbon-13 NMR analysis.'~~ 

It was believed of interest to explore the application of 
Fourier transform infrared spectroscopy to the charac- 
terization of the crystalline and noncrystalline components 
in solution-crystallized TPI. Use of the infrared method 
depends on assignment of the spectral bands, as obtained 
by normal-coordinate calculations. Single-chain normal- 
coordinate calculations for a- and @-TPI were carried out 
previously by Petcavich and C01eman.~ In that work as- 
signments were given for the spectral bands for the @-form 
but only for a few of the bands for the a-form. In the 
present work, these calculations were repeated in order to 
obtain assignments for the latter. The force constant for 
the double bond was changed, and a unique force constant 
for the C-CH, bond was introduced. The geometry given 
for the a-form from X-ray analysis5 was adopted in the 
present work; this differs from that used in the earlier 
calculations in the C-C bond length, in some of the bond 
angles and in all of the dihedral angles. The new force 
constants were also used in the analysis of the TPI p 
crystalline form in order to compare the calculated fre- 
quencies and the potential energy distributions with those 
for the a-form. 

As the normal-coordinate analysis of TPI progressed, 
it was realized that a complete correlation existed between 
the observed infrared spectral frequencies for the two 
crystal forms. Each vibrational band in the spectrum for 
the p-form is correlated to a singlet in a few cases or to a 
doublet in the majority of cases in the spectrum of the 
a-form. 

The spectral frequency correlation for the two crystalline 
forms was also extended to the bands in the amorphous 
spectrum. The relatively broad infrared bands observed 
are expected. However, since the conformations charac- 
teristic of the two crystal forms are also highly probable 
ones for the amorphous chain, overlap of the amorphous 
and crystalline bands must occur. This overlap can be used 
as a means of assignment of the amorphous bands in terms 
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Table I 
Geometric Parameters of TPI 

C(4a)-[-C(l)-C(2)=C(3)-C(4)-] [C(1')-C(2')=C(3')-C(4')-l-c(1") 
C(5) C(5') 

bond bond dihedral 
length (A) angle, $ (deg) angle, 7 (deg) 

a-TPI 

j3-TPI 
C=C 1.33 $123 120 71234 180 
C-C 1.54 $234 125 '4a123 117 

HCH 109.5 7341,2, 180 
CCH 109.5 
C=CH 120 

C-H 1.09 $341, 109.5 ~ 2 % ~ '  -117 

of the calculated assignment for the a- and @-crystalline 
structure. 
Experimental Section 

To obtain the @-crystalline form, we crystallized synthetic TPI 
from 1% (w/v) amyl acetate solution at 0 "C, followed by slow 
heating of the suspension liquid to 30 "C. This resulted in a 
morphology of curved stacks of overgrown lamellas with a sem- 
icrystalline ~tructure.~ The a-form was obtained by a precooling 
method of crystallization from 0.1% hexane solution that involves 
precipitation at 0 "C, redissolution at 32 O C ,  and crystallization 
at 20 "C. This resulted in semicrystalline lamellas with an el- 
lipsoidal shape and pointed ends. 

Mats were formed by filtration of the above suspension onto 
Teflon filters. These were dried at room temperature. The Fourier 
transform infrared spectra were obtained from 450 to 4000 cm-' 
at 4 cm-' resolution by using a Digilab FTS 40 spectrometer. 

In order to obtain the amorphous spectrum, we placed one of 
the semicrystalline fiis in a heating cell and recorded its infrared 
spectrum at 65 "C. At this temperature, all the sharp peaks that 
are associated with the crystalline structure disappear from the 
spectrum, leaving a spectrum that contains broad bands only. This 
amorphous spectrum was then subtracted from both semicrys- 
talline a- and @-spectra giving 100% crystalline spectra with no 
detectable amount of the other crystalline form. 

Normal-coordinate calculations were carried out for TPI single 
chains in each of the two stable crystalline forms by using a 
computer program written by Boerio.loJ1 The molecular param- 
eters of the a- and P-crystal structures were taken from earlier 
X-ray studies5" and are summarized in Table I. The F matrices 
for the CY and @ repeat conformational units were constructed by 
transferring to them unrefined force constants from model com- 
pounds. Most of the force constants involving skeletal vibrations 
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Table I1 
Valence Force Constants for TPI" 

force force force 
constant value constant value constant value 

He 0.910 H: 0.611 F K r '  0.174 

rl 0.344 H,  0.560 F8, 0.015 
r2 0.199 H+ 0.480 Fd 0.027 

HO 0.944 HJ 0.540 FOB -0.032 

7D 0.328 7T 0.024 Fe+ -0.029 
FTw 0.419 7 K b  0.0073 F,s -0.028 
KT 4.384 F D T  0.094 FCf -0.031 
KKb 4.672 FTR 0.122 fs; 0.010 

4.947 Fmb 0.037 f.,., 0.120 
K D ~  7.901 F d d  0.004 f@tt -0.006 

Kd 4.524 F D ,  0.355 f,,' -0.02 
K t  4.699 FT~  0.341 f.,: 0.008 
H, 1.049 FT+ 0.333 f,# 0.029 
H, 0.664 FT., 0.066 fwi 0.080 

H: 0.529 fw' 0.073 
Hs 0.668 FT, 0.075 f,,' -0.045 

KT = KR F y v  = FOB F,, = F~IL fs,' = f+v 
Ha = H,q TT = TR fTVt = f+s fey' = fd 

FTJ. = FDc 
FTv = Fu, = Fw8 f w u  = f e e  fS8 = fd = f w  

FT+ = FD+ f,,' = fd = f,IL 
"The symbols for force constant definitions are taken from ref 

15. The symbols for the internal coordinates for TPI are shown in 
Figure 1. All stretch force constants are in mdyn/A; stretch-bend 
interactions are mdyn/rad; bend constants are in units of (mdyn. 
A)/rad2. Most force constants are transferred from trans-l,4- 
polybutadiene12 unless otherwise noted. Force constants trans- 
ferred from trans- and ci~-butene. '~J~ Force constants transferred 
from po1ypropylene.le 

Figure 1. Internal coordinates of T P I  repeat monomer unit. 

-00 1500 1 0 0 0  500 

FREQUENCY (CM- ' )  

Figure 2. Infrared spectra of TPI  in the 450-1700 and 2500-3100 
cm-' regions: (A) amorphous TPI; (B) @-TPI; ( C )  a-TPI. 
as well as the different methylene modes were transferred from 
truns-polybutadiene.'* The force constants of the methyl group 
as well as those involving the double bond were transferred from 
trans- and cis-butene.13J4 The set of force constants, as shown 
in Table 11, was applied to both the a- and @-structures. 

Table I11 
Correlation of Observed and Calculated a- and B-TPI Infrared 

Frequencies 
P-TPI WTPI 

PED" freq (cm-9 PED" freq (cm-') 
obsd calcd (%) obsd calcd ("lo) 

3022 3019 
2979 2959 
2965 2957 
2943 2921 
2914 2918 
2906 2887 
2855 2847 
2846 2841 
1664 1670 

99K1 3018 
loOK, 2970 
100K, 2941 
100Kd 2918 
l00Kd 2879 
99K, 2872 
99Kd 2851 
99Kd 2830 

1579 
7 2 K ~ ,  l 2 K ~  1672 

3018, 3017 
2965, 2965 
2963, 2963 
2922, 2923 
2914, 2914 
2871, 2868 
2850, 2850 
2842, 2841 
1669, 1670 
1559 

1540 1523 
1450 1463 93HF 1450 1469 71Hi, 18H.. 

1463 91H; 1463, 1463 92H; 
1454 75H6 1462, 1462 92H, 

1460 75H6, llH7, 1lH.g 
1430 1446 77H6 1430 1448 80H6, llH7, llH8 

1446 80Hs. lOH,. 12Ha 
1384 1387 39Hp40Ht 1383 1377 28H;i 32H;,' 18Hi 

1373 41H,, 47Ht 
1348 1361 10Hr, 12Ht, 1340 1347 38H,, 15H8,15H,, 

17Kr 17Hg 
1324 1335 61H7, i8H8, 1320 1306 38H,, bH8 

1280 1322 45H-. 40Ha 1280 1262 42H.,. 51Ho 
1 1 f r r  

I ,  " 
1256 

1260 1252 44H,, 45Ha 1260 1248 
I ,  " 

1244 
1250 1235 

1230 
1212 1192 21H,, 24H.g, 1205 1197 

1150 1133 27H,, 39HO 1150 1166 
1107 1093 6OKm 1OHa 1105 1089 

~OKT, 18H, 

.I I 

1099 1083 
1058 1039 21&, 25Ht 1050 1051 

1048 
997 1010 33&, 23Ht 1030 1018 
978 992 50Ht, 1 6 K ~  992 995 

994 
962 946 57Ht, 2 5 K ~  965 

877 865 42r2, 2drD 882 
862 

800 816 5 5 K ~  800 
780 

730 
750 742 51H,, 21H8 750 

600 586 26H8, 14H,, 618 

555 
2 0 K ~  

474 514 36r1, isTD 490 

470 

964 
963 
886 
872 
816 
810 
770 
750 
625 

573 
505 

490 

60H;;. 1 9 K ~  
56Hc, 17Kr 

b 455 11Hp 40H,, 450 18r1, 26H0, 20H,, 
l%T 1  KT 

l 0 K ~  
441 i7r1, i i ~ ~ ,  3ww,  

373 67H8, 1 2 K ~  351 71Hp, 19H, 

225 40H,, 31H~ 248 12H0, 26H,, 28H, 
233 15H8, 22H,, 17Hu, 

316 18Hp, 16H, 

l 0 K ~  
174 21r1, 62H, 176 20H,, 25H0, 1 6 7 ~  

~OKT, 25H8, 1 6 ~  
119 3178 106 2W,, 4 2 7 ~  

150 

90 4078, 2 3 7 ~  91 4678 
85 9 5 7 ~  86 957K 

81 96sK 
a Contributions to potential energy distribution of >lo%. Spectra 

not observed below 450 cm-' in this work. 

Results and Discussion 
The infrared spectra for  amorphous  TPI, 100% 6 ,  and 

100% a a r e  given i n  Figure 2 (A, B, and C ,  respectively) 
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Table IV 
Correlation of the Observed Crystalline and Amorphous 

Infrared Frequenciesa 
fl-TPI amorphous a-TPI 
obsd TPI obsd obsd type of 

freq (cm-') freq (cm-') freq (cm-') vibration 
3022 (sh) 3015 (sh) 3018 (sh) w.(=CH) 
2979 (sh) 
2965 (vs) 
2943 (vs) 
2914 (vs) 
2906 (vs) 
2855 (s) 
2846 ( 8 )  
1664 (m) 

1450 ( 8 )  
1430 (sh) 
1384 ( 8 )  

1348 (m) 

1324 (w) 
1280 (w) 
1260 (m) 

1212 (m) 
1150 (m) 

1107 (m) 
1058 (vw) 
997 (m) 
978 (w) 
962 (m) 

877 (s) 

800 ( 8 )  

750 (m-s) 

600 (ms) 

474 (9) 

2975 (sh) 
2961 (9) 

2925 (vs) 
2920 (vs) 
2912 (vs) 

2848 (s) 
1665 (m) 
1570 (vw) 
1540 (vw) 
1450 (s) 
1430 (sh) 
1383 (s) 
1360 (m) 
1329 (m) 

1307 (sh) 
1281 (w) 
1253 (w-br) 

1220 (w) 
1205 (w) 
1150 (m) 

1099 (m-s, br) 
1033 (m) 
987 (m) 
976 (m) 
924 (w) 
884 (sh) 
860 (sh) 
842 (s) 
800 (sh) 

764 (m) 
743 (m) 
595 (m) 
570 (m) 
520 (m) 

<505 (m) 

2970 ( 8 )  

2941 (vs) 
2918 (vs) 
2879 (vs) 
2872 (vs) 
2851 (s) 
2830 (s) 
1672 (m) 
1579 (w) 
1540 (w) 
1450 ( 8 )  

1430 (sh) 
1383 (s) 
1340 (m) 

1320 (w) 
1280 (w) 
1260 (w) 
1250 (w) 
1205 (m) 
1150 (m-w) 
1105 (sh) 
1099 (m) 
1050 (m) 
1030 (m) 
992 (m) 
965 (w) 

882 (s) 
862 (8) 

800 (s) 
780 (sh) 
750 (w) 
730 (w) 
618 (m) 
555 (m) 
490 (m) 
470 (m) 

"Abbreviations: s, strong; m, medium; w, weak; sh, shoulder. 
*Abbreviations: Y, stretch; 6, bend; r, twist, vag; yr, rock. 

from 500 to 1700 and from 2500 to 3100 cm-'. Frequencies 
and potential energy distribution calculated for bands in 
the 80 to 3100 cm-' region are listed in Table I11 for 100% 
a-TPI and for 100% 8-TPI; observed frequencies from 470 
to 3022 cm-' are also included in this table. In Table IV 
the observed frequencies for the amorphous bands from 
500 to 3015 cm-' are shown along with those for a- and 
P-TPI, as taken from Table 111; band assignments, ob- 
tained from the potential energy distributions given in 
Table 111, are included in Table IV. 

Differences between the observed crystalline infrared 
spectra in this and the previous FTIR study of TPIg are 
seen for both the a- and @-forms. Bands not observed in 
the previous study of a sample that was predominantly 
a-TPI appear a t  2830 (s), 1250 (w), 780 (sh), and 555 cm-I 
(m) and those at  1010 and 604 cm-' are absent in the 
present study. It is to be pointed out that the 604 cm-l 
band is characteristic of the P-form. For the @-form the 
bands at  2980 (sh) and 1058 cm-' (w) observed in the 
present study were previously not r e p ~ r t e d . ~  

In the present study close agreement (A = 3-6) between 
calculated and observed frequencies for the C=C 
stretching band in cy- (1672 cm-') and p- (1664 cm-l) 
crystalline forms occurs even though unrefined force con- 
stants were used. This agreement apparently reflects the 
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appropriateness of the force constant for the C=C bond 
taken from a model compound containing a methyl group 
attached to one carbon atom in the double bond. For the 
0-form only one calculated frequency above 460 cm-' de- 
viates from the assigned observed value by more than 20 
cm-'; for the observed band at 1280 cm-' A is 42. One large 
deviation in calculated and observed frequencies also oc- 
curs for a-TPI; the observed band is at 2879 cm-' and A 
is 35. However, this and all other frequencies calculated 
for bands in the C-H stretching region are in close 
agreement with those calculated earlier.g 

A comparison of the calculated potential energy dis- 
tributions for both crystal forms shows many differences 
between this work and the earlier study? For both crystal 
forms about half of these distributions differ. Principal 
discrepancies occur in the assignments for in-plane 4 - H  
bending and for C-CH3 stretching. In-plane =C-H 
bending was assigned.at 1150 cm-l for both forms; the 
present assignments a t  1205 (a) and 1212 cm-' ( P )  are in 
agreement with group frequency placement." The as- 
signment of the bands at 800 (a and p) and 780 cm-' (a) 
to C-CH, stretching is unique to the present work and 
arises due to the introduction of a force constant charac- 
teristic of this particular bond. For the @-form the band 
at 1348 cm-' was previously assignedg to CH2 wagging and 
twisting whereas in the present work it is found to be a 
mixed mode containing CH, bending and C-C stretching. 
For the P-form the amount of mode mixing reported in the 
two works varies for the bands at 1384,1051,997,978, and 
962 cm-'. In the 900-1400 cm-' region for a-TPI the earlier 
calculations show contributions of C-C stretching not 
found in the present work. 

The conformational repeat unit in a-TPI contains two 
chemical repeat units. Therefore, many of the calculated 
frequencies appear twice with the same or slightly different 
values. Most of the calculated frequencies given in Table 
I11 for a-TPI can be consecutively paired due to the same 
or closely similar potential energy distributions. Out of 
59 calculated frequencies there are only five bands that 
are not paired. As reported previously: the calculated 
pairs have the same or nearly the same frequencies in the 
2800-3020 cm-' region. In the range of 960-1700 cm-I the 
frequency difference between members of each pair is 1-9 
cm-' except for the pair calculated at 1523 and 1559 cm-l. 
Some pairing of frequencies in this region was given ear- 
lier;g however, it was generally not the same and was not 
as extensive as that shown in Table 111. For bands with 
frequencies below 900 cm-' the pair members differ in 
frequency by 9-52 cm-l. Pairing in this frequency region 
was reported earlierg only for the 872 and 886 cm-' bands. 

For a-TPI each pair of calculated bands is represented 
by a single observed band at  ambient conditions in the 
960-3020 cm-' range except for those at 1523 and 1559 cm-I 
and 1105 and 1099 cm-'. For a-TPI bands below 900 cm-' 
each member of each pair is assigned to a corresponding 
observed frequency. The pair splitting is large enough in 
this region so that both bands are observed. 

The infrared spectrum of a-TPI shows a larger number 
of bands than that for p-TPI (see Figure 2), due to the fact 
that the conformational repeat unit in the polymer chain 
in the a-form contains two monomer units and therefore 
has twice as many atoms as the conformational repeat unit 
in the &form. Another difference between the two forms 
is in the geometric parameters (bond lengths, bond angles, 
and mainly dihedral angles) which causes some difference 
in the orientation of the normal coordinates and as a result 
a slight shift in their corresponding vibrational frequencies. 
Although the different geometries give rise to two different 
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sible.18 These includ: t_he most probable conformations 
(STS, STS, CTS, STS, STS ,hd  CTS), the 1:~s probable 
conformations (SGS, SGS, SGS, SGS, SGS, SGS, SGS, and 
SGS), and the least probable conformations (CGS, CGS, 
CGS, and CGS). 

For the crystalline structures restriction of the position 
for each normal coordinate to one value leads to an in- 
frared spectrum containing single shaip bands. When two 
positions exist, the infrared spectrum contains either sharp 
singlets or doublets. If a larger number of positions is 
possible, as is the case with the amorphous state, the in- 
frared spectrum should contain groups of sharp singlets 
that overlap to form broad bands. However, since the 
possible C-C single-bond conformations for the amorp- 
hous chain include those allowed for the single bonds in 
a- and P-TPI, all of the spectral bands observed for the 
crystalline forms should fall completely within the fre- 
quency domains of the amorphous bands. The intensity 
maximum for a particular crystalline band will not nec- 
essarily coincide with that for the amorphous band with 
the same assignment due to the presence of other con- 
formations. Therefore, the amorphous spectrum is as- 
signed by a transfer of the potential energy distribution 
for the crystalline bands that are completely overlapped 
by an amorphous band. This correlation is shown for TPI 
in Table IV, along with band assignments for the two 
crystalline and the amorphous forms. For the 1450 cm-' 
bands two separate modes are assigned, as shown. As 
noted above, a- and @-TPI have different assignments for 
the 1348 and 1340 cm-' bands (1329 cm-' for amorphous). 
The 1051 (a and @) and 1033 (amorphous) and the 962 (P),  
924 (amorphous), and 964 (a)  are mixed modes. Some of 
the amorphous bands, such as those at 3015, 2975, 1665, 
1450, 1430, 1383, 1281, 1253, and 1150 cm-', have their 
maxima at the same or simiiar frequencies as those for both 
of the corresponding crystalline bands. In other cases, 
although overlap occurs the correlation is not as apparent, 
since the maxima in the crystalline spectra are shifted 
considerably from those in the amorphous spectrum. 
Examples of this are shown in Figure 3 and include the 
amorphous bands at 842 cm-' with shoulders at 860 and 
884 cm-l, assigned to C-H out of plane bending, and the 
doublet at 1220 and 1206 cm-l, assigned to C-H in plane 
bending. The amorphous bands, as assigned, are observed 
to overlap the a- and @-bands having the same assign- 
ments. In three cases one amorphous band corresponds 
to two observed a-TPI bands (amorphous bands at  1253, 
1099, and 800 cm-'). The intensities of corresponding 
amorphous and crystalline bands approximately agree as 
shown in Table IV. 

FREQUENCY(CM-? FREQUENCY ('2M-l) 

Figure 3. Overlap of correlate crystalline and amorphous TPI 
bands. 

spectra for a- and P-TPI, the chemical structures are the 
same for both forms and therefore it should be possible 
to correlate the two spectra. Such a correlation is carried 
out in Table I11 by matching calculated and observed 
frequencies for the two forms having the same or similar 
potential energy distributions. In only two cases do sub- 
stantial differences appear in the potential energy distri- 
bution for the correlated bands. These are for the calcu- 
lated bands at 1361 ( P )  and 1347 (a) and at 174 ( P ) ,  176, 
and 159 cm-' (a) .  It  is observed that in most cases each 
frequency for the @-form is associated with two calculated 
frequencies for the a-form. There are four exceptions to 
this out of 34 calculated @-bands above 170 cm-l. There 
are two bands above 170 cm-l found for the a-form only 
(observed at 1579 and 1540 cm-I). In most cases the ob- 
served band intensities for the two forms also approxi- 
mately correlate, as seen in Figure 2. Exceptions occur 
where a band for 4-TPI is associated with a single observed 
a-TPI band at 1050,978, and 964 cm-l. In all cases where 
an observed P-TPI band is associated with two observed 
a-TPI bands, the combined intensity of the latter two 
approximate that of the former. It is concluded that there 
is a direct correlation between the two structures both in 
their vibrational frequencies and in their assigned potential 
energy distribution. 

Many polymers have more than one stable crystalline 
form, containing one or more monomer units per repeat 
conformational unit. Assuming that the correlations found 
for alpha and beta TPI have general validity, it should be 
possible using single-chain normal vibrational analysis to 
correlate the spectra for the various forms of a particular 
polymer. Each band in the spectrum of the crystal form 
with the smaller number of monomer units per repeat 
conformational unit should correlate to one or more bands 
in the spectra of the other forms containing more monomer 
units per conformational repeat unit. 

It should be possible also to extend the above correlation 
to a mixture of chain conformations as found for the 
amorphous polymers. Each single band in the fl-TPI 
spectrum and the single and double bands in the a-TPI 
spectrum should correlate with a series of amorphous 
bands that will closely overlap or split into adjacent modes 
and therefore appear as a broad band. 

The use of normal-coordinate calculation for the as- 
signment of the infrared spectrum for amorphous TPI is 
complicated by the number of conformations that are 
present. The C-C single bond conformations are restricted 
in the a- and &crystalline structures to-single values for 
each bond, which results in the CTSCTS conformational 
sequence for the a-form and the STS sequence for the 
p-form. For amorphous TPI, on the other hand, other 
energetically allowed single bond conformations are pos- 
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ABSTRACT Infrared studies of trans-1,4-polyisoprene (TPI) and of block copolymer derivatives were carried 
out. TPI lamellar structures were reacted in suspension so that their surfaces were modified while their cq&alline 
cores remained unchanged. The reactions used were epoxidation and hydrochlorination of the double bond. 
The infrared spectra of the modified surface were obtained, and tentative band assignments were made. A 
procedure was developed to obtain the percent crystallinity of TPI lamellar structures from the infrared spectrum 
by using measurements of the relative intensity of the 1664-1670-~m-~ band in the crystalline and semicrystalline 
spectra. Effects of pressure on as-prepared and surface-modified TPI lamellar structures were observed. 

Introduction 
Lamellar structures of the polydienes trans-1,4-poly- 

butadiene, TPBD, and trans-l,Cpolyisoprene, TPI, have 
been obtained by crystallization from solution under a 
variety of conditions; these structures have been charac- 
terized morphologically by using optical and scanning 
electron micro~copy.'-~ The crystalline/amorphous 
character of some of these preparations have been studied 
by physical methods, such as density and solid-state car- 
bon-13 NMR.'~3*S~6 In addition to depending on the as- 
sumption of a two-phase model, the calculation of crys- 
tallinity from density requires accurate crystalline and 
amorphous densities. Since there is some disagreement 
in the value of the crystalline density for p-TPI,7-e the 
development of alternative methods for crystallinity de- 
termination is desirable. One method employed for 
crystallinity measurement is infrared spectroscopy. A 
convenient and unambiguous procedure is to use a single 
band for which the band shape, position, and intensity are 
independent, or nearly so, of overall crystalline and 
amorphous chain conformations. A band due principally 
to a vibration of a group of atoms held in a relatively rigid 
conformation is a logical choice. A method for the quan- 
titative determination of the crystalline fraction in semi- 
crystalline TPI was developed in the present study by 
using the infrared spectroscopic band assigned principally 
to the C=C stretching vibration. The values obtained 
from infrared spectroscopy are found to be in close 
agreement with those from density measurements. 

For quantitative assessment of chain folding at lamellar 
surfaces, a direct method involving chemical reaction in 
suspension, followed .by carbon-13 solution NMR, was 
developed.'+12 The polydienes are well suited for this type 
of study, due to the susceptibility of the double bond 
present in each repeat unit to addition reactions. However, 
it is crucial that the reaction at the surface is complete and 
is confined to that region. Considerable effort has been 
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expended to establish reaction conditions that lead to 
complete reaction of the lamellar surfaces without crystal 
core penetration or cross-linking taking place to an ap- 
preciable degree. Two reactions for the modification .of 
TPI, epoxidation using m-chloroperbenzoic acid'l and 
hydrochlorination,12 have been investigated to date. It has 
been shown that both of these reactions can be carried out 
under conditions that give single products preserving the 
stereochemistry of the double bond, as characterized by 
carbon-13 NMR.11J2 When one or the other of these re- 
actions is taken to completion at  the lamellar surfaces of 
solution-crystallized TPI structures in suspension, a 
product having chemically modified blocks alternating with 
unmodified blocks results. 

In the present work it is found that dried mats of so- 
lution-crystallized samples subjected to reaction in sus- 
pension with either m-chloroperbenzoic acid or with HC1 
yield an infrared spectrum containing all the crystalline 
bands observed for the original lamellas combined with 
a new set of bands, obtainable by subtraction, character- 
istic of the reaction. The changes in the spectrum for the 
amorphous surface component caused by chemical mod- 
ification are found to be consistent with the band assign- 
ment made by correlation with the crystalline assign- 
m e n t ~ . ~ ~  

The effect of pressure on the crystallinity of TPI 
structures and on the spectrum for surface-modified TPI 
was also investigated, with the same decrease in the 
crystalline component being observed at all pressures used. 

Experimental Section 
Surface Reactions. Unfractionated trans-1,4-polyisoprene, 

TPI,  (M,  = 1.7 X lo5, M,/M,, = 4.8)14 was crystallized from 1% 
amyl acetate solution by precipitation at 0 "C and slow heating 
to 30 "C. Curved, overgrown, semicrystalline lamellas are ob- 
tained, with a crystalline core in the p form.' 

T P I  lamellas, suspended in 1-butanol, were reacted with an 
excess (3/1) of m-chloroperbenzoic acid a t  0 OC for 5 days. TPI 
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