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ABSTRACT: Using previously determined peak assignments at 50.3 MHz, we have developed a quantitative
13C NMR analysis of chlorinated poly(vinyl chloride) (CPVC) microstructure in terms of three-carbon sequences.
The analysis is sensitive to chlorine level and yields the concentrations of 11 three-carbon sequences, the weight
percent chlorine, the amount of tacticity of residual PVC, and the sequence lengths of unchlorinated vinyl
chloride units and CHCI carbons. We have characterized a series of CPVC’s (57-69% chlorine) prepared
by solution photochlorination, as well as several 66 %-chlorine CPVC’s made by various processes. The sequence
length of the viny! chloride units (“residual PVC”) for the solution-chlorinated polymers correlated well with
the second heat of melting determined by DSC. This result confirmed that the heat of melting arises from
the residual PVC in these polymers. The CPVC’s (66% chlorine) prepared by using different processes had
different levels of residual PVC, vinyl chloride sequence lengths, and total amounts and distributions of
CCly-centered sequences. In solution, the various tactic sequences were chlorinated to approximately equal
extents. For the heterogeneous processes, the residual PVC contained greater relative proportions of syndiotactic
sequences, reflecting the reduced rate of chlorination of PVC crystallites relative to the amorphous regions.
The use of higher frequency (100 MHz) did not significantly improve the peak resolution in much of the CPVC
spectrum, even with computer resolution enhancement.

Introduction

In a previous report,’ we described how the free-radical
chlorination of poly(vinyl chloride) produces a polymer,
chlorinated poly(vinyl chloride) (CPVC), for which no
structural repeat unit can be written. On the basis of *C
NMR data, we know that CPVC’s are composed of CH,,
CHCI, and CCl, groups occurring in many sequence com-
binations along the polymer chain. Configurational isom-
erism of CHCl-containing sequences in both the chlori-
nated and unchlorinated regions must also be considered.
A description of CPVC based on sequences of vinyl or
other monomers, as is often done for chemically modified
homopolymers,?? is not readily feasible.

Many of the °C chemical shifts of three- to five-carbon
sequences have been assigned in the 50.3-MHz spectrum. !
Here we present a method for the quantitative charac-
terization of CPVC based on the concentrations of 11
three-carbon sequences, residual PVC, the average se-
quence lengths of unchlorinated vinyl chloride units and
CHCI groups, and the tacticity of the residual PVC. We
use this analysis to characterize a series of CPVC’s of
different chlorine contents prepared by solution photo-
chlorination. Several CPVC’s made by different processes
but at a single chlorine level are also compared. The effect
of the chlorination process on the CPVC microstructure
and the tacticity of the residual PVC is discussed, as well
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as the use of higher magnetic fields and resolution en-
hancement techniques to improve the CPVC analysis.

Experimental Section

CPVC. The CPVC’s were prepared by solution photo-
chlorination of Geon 103EP poly(viny! chloride) (The BF Goodrich
Co.) in tetrachloroethane at 80 °C. Gaseous chlorine was fed (0.25
g/min) to the poly(vinyl chloride) solution (50 g/L) under ul-
traviolet irradiation (300-W Hg lamp). The polymer was pre-
cipitated with methanol, recovered by filtration, washed with a
large volume of methanol, and vacuum-dried overnight at 25-30
°C. The processes used to prepare the nonsolution CPVC’s are
referenced in Table IV,

NMR Spectra. The 50.3-MHz *C NMR spectra were obtained
on a Bruker WH-200 wide-bore, cryomagnet Fourier transform
NMR spectrometer. The spectral data were acquired on ap-
proximately 20 wt % solutions in 4:1 1,2,4-trichlorobenzene/
benzene-dg at 110 °C by using 20-mm sample tubes. Chemical
shifts were measured relative to internal HMDS at 2.00 ppm from
Me,Si. Typical accumulation conditions were as follows: pulse
repetition time, 7.5 s; 90° pulse, 35 us; spectral width, 12 kHz in
8K data points; line broadening from sensitivity enhancement,
1.5-3 Hz; time of accumulation, 5-15 h. Integrated areas were
measured from electronic integrals.

The 100-MHz 18C spectra were obtained on a Bruker WH-400
narrow-bore NMR spectrometer using 10-mm tubes. The accu-
mulation conditions were as follows: pulse repetition time, 3.5
s; 90° pulse, 13 us; spectral width, 15 kHz; transform size, 16K.
Resolution enhancement was performed as previously described.®

© 1985 American Chemical Society
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Table I
Possible Three-Carbon Sequences in Chlorinated
Poly(vinyl chloride)®

CHCl-centered

CH,-centered CCly-centered

1101} {010} 1020}
1201} {110} {120}
1202} {111} {121}
{210} {220)¢
{211) {221)¢
{212 {222}

aPVC = ..01010101... (tacticity ignored). °Sequence not ob-
served. °A possible {22X} sequence has been observed in the
spectra of CPVC prepared at high temperature under forcing con-
ditions that resulted in chain cleavage.

Differential Scanning Calorimetry. Glass transition tem-
peratures and second heats of melting were measured on a
Perkin-Elmer DSC-2 instrument at a scan rate of 20 °C/min. The
broad melting transition of the CPVC’s was taken from about
100 to about 220 °C.

Results and Discussion

In Table I are presented the 15 possible three-carbon
sequences that can occur for a “terpolymer” of CH,, CHCI,
and CCl, carbons. We use the numerical designation
adapted from Keller* to identify each type of carbon (CH,
=0, CHCI = 1, CCl, = 2). Configurational isomers have
not been distinguished in Table I. In addition, no chain
direction has been specified since a sequence, such as {201},
will have the same chemical shift as its mirror image, {102}.

Only three CH,-centered three-carbon sequences can
occur in CPVC since adjacent methylenes do not normally
occur in PVC (neglecting any small amount of head-to-
head polymer postulated to be present). For longer se-
quences, those with an even number of carbons between
methylenes cannot occur. Of the six possible CHCl-cen-
tered three-carbon sequences, all have been observed di-
rectly or indirectly except the highly chlorinated {212}.
This structure is ignored in the analysis. Although
structures with adjacent CCl, carbons are possible, reso-
nances assignable to such sequences have been observed
(at about 100 ppm) in only a few samples (see below).
These samples all contained greater than 70% chlorine and
were prepared at high temperatures under such forcing
conditions that some chain cleavage occurred. Such se-
quences are not expected to occur in polymers containing
less than 70% chlorine because of severe steric and elec-
tronic effects on their formation. Therefore, sequences
with adjacent CCl, carbons are also ignored in the analysis.
Thus, our sequence distribution analysis describes CPVC
in terms of 11 of the 15 possible three-carbon sequences.
Two of the three CCly-centered sequences we observe, {020}
and {120}, must originate exclusively from {010} in PVC
assuming that chlorination proceeds by a substitution
mechanism, as demonstrated previously.! The third, {121},
can arise from either {010} or {101}.

CPVC Sequence Analysis. In a previous paper,' we
assigned resonances in the 50.3-MHz 13C NMR spectrum
of CPVC to five-carbon sequences based on predicted
chemical shifts,* substituent effects,® model polymers,5’
and CPVC with a low degree of chlorination. The use of
five-carbon sequences reflects the initial sensitivity of the
50.3-MHz 13C spectrum to sequence distribution at low
chlorine content, at which point highly chlorinated se-
quences are absent. Some sequences, particularly in the
CH, portion of the spectrum, were assigned to overlapping
regions. This is due to the complexity of the spectrum
arising from configurational isomerism present in many
of the three- or five-carbon sequences. Thus, the analysis
we present here is based on three-carbon sequences since
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Figure 1. 50.3-MH:z 130 NMR spectrum of CPVC (Geon

603X560) showing peak assignments and designations used in the
microstructural analysis: (A) CCl, region; (B) CHCI region; (C)
CHj, region.

this is the longest length for which we can develop a rea-
sonable quantitative analysis containing all possible ob-
served sequences. In certain cases, such as for CCl,-cen-
tered sequences, the analysis can be partially extended to
five-carbon sequences.

Figure 1 shows the 50.8-MHz *C NMR spectrum of
Geon 603X560 CPVC (The B. F. Goodrich Co.) with peaks
(P) and regions (R) labeled as in the analysis. The primed
notation designates configurational isomers.! Spectra were
accumulated with nuclear Overhauser enhancement
(NOE), necessitating normalization of the individual CCl,
carbon areas for their reduced NOE’s relative to the CH,
and CHCI carbons.! We assume a single NOE of 2.4 for
the CHCI and CH, carbons, as measured previously! for
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a sample containing about 66% chlorine. The CCl, carbon
resonances were also corrected for partial saturation due
to their long Ty’s.! For a 7.5-s pulse repetition time, a 6%
correction is applied. We also assume that the above
conditions apply for all CPVC’s at all chlorine levels be-
tween 57% and 70% chlorine at the concentration and
temperature of the analysis.

The mole percent (F) of each of the three carbon types
can be found by using eq 1-3. Here A is the total cor-

5
Feg, = [gpi]/A 1

1
Feyo = [%Pi + Rys + Ry + Ryy — Py — 2(P, + Pyl /A

2
Fey,= [Ryg+ Ryg+ Rz + P+ 2(P, + P3)] /A (3)

rected area of the CPVC spectrum. Equations 2 and 3
reflect the fact that CH, carbons directly adjacent to CCl,
carbons are shifted into the nominal CHCI region.® For
each {11201} (P;), one CH, is added to the nominal CH,
area. The exact chemical shift of the methylene in {11201}
is not known, but it is probably in the vicinity of 55 ppm.
For each {10201} (P,) and {10202} (P;), two CH,’s are added
to the CH, area. Methylenes in {02010} sequences are
known to occur at 56.3 ppm from results on vinyl chlo-
ride-vinylidene chloride copolymers.® Other {201} se-
quences should occur nearby in the CHCI region. Me-
thylenes in {202} sequences occur at 62-63 ppm.® Corre-
sponding subtractions are made from the CHCI area.
Equations 4-14 give the mole fractions of the 11

Sio1 = [Byg + Ryg + Ryg] /A (4)
Syo1 = [Py + 2P, + Ps] /A ()
Sa2 = Ps/A (6)

So10 = [Rgs — (P3 + 2P + Py)] /A (7
S110 = Rsg/A (8)

S = [ZP -2(P + Py) - P5] /A 9
So0 = [2P; + Py] /A (10)
Soir = [Py + Pyl /A (11)

Sozo = [Py + Ps] /A (12)

Sig0 = P3/A (13)

Sig1 = [Py + Py]/A (14)

three-carbon sequences that we obtain in this analysis.
Equations 4-14 were derived from the assignments intu-
itively.! Equation 4 for S;o; derives from the total CH, area
between 37 and 50 ppm. Equation 7 for Sy, is just the
PVC CHCI area minus some corrections for known {201}
interferences.® These corrections are derived from the
CCly-carbon region as for eq 1-3. In this region, as in most
others, small interferences due to highly chlorinated se-
quences may occur for which we cannot correct. The
concentration of {110} is given by the group at 57.5-60.8
ppm and has no known correction. Equation 9 for S, is
corrected for {202 methylene at 62-63 ppm (P;), for {210}
methine somewhere between 61 and 70 ppm (2P; + P,),
and for {1211}, probably about 70 ppm (P,). Equations
12-14 for the 2-centered triads derive from the CCl,-peak
areas. The {20202} sequence, known to occur at about 84
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ppm,’ is never seen and hence ignored. The position of
the highly chlorinated sequence {11211} is assumed to occur
with {01210} and {11210}, if at all. Any five-carbon sequence
containing {212} at any position is assumed to be zero.

Equations 5, 6, 10, and 11 for certain 0- and 1-centered
triads were derived in terms of CCl, carbon areas. No
resonances are resolved for the on-center carbons of {201},
{202}, or {210} sequences. The region R, from 72 to 76 ppm
is assigned to {02110} sequences and may contain other
{211}-centered sequences. However, this band is very broad
and difficult to measure accurately. We feel that a better
estimate of {211} can be obtained from CCl, carbon areas.
Equations 5, 6, 10, and 11 are not rigorous. They are only
meant to provide estimates of the concentrations of se-
quences usually present at low levels. For the purpose of
eq 11, the concentration of {11211} is assumed to be zero.

We tested eq 4-14 for consistency with triad necessary
relationships for terpolymers (eq 3.89-3.91 in ref 8).
Equations 10, 11, 13, and 14 were shown algebraically to
be exactly consistent. Equations 5, 6, 12, and 13 were
shown algebraically to be consistent with an error of only
P5/2, a neghglble quantity. A third relationship for the
sequences given by eq 4, 5, 7, 8, and 10 could not be
demonstrated algebralcally, but could be tested numeri-
cally. Ideally the ratio R = (28g;0 + S110 + Sa10)/ (28101 +
Sj01) should equal 1. The results of this calculation are
presented below with the other numerical results for the
solution polymers and those prepared by other processes.
In most cases R is very close to 1. On average, agreement
seems to be better for the solution polymers than for those
prepared heterogeneously. This is probably due to the
presence of higher concentrations of more highly chlori-
nated sequences in the heterogeneously prepared polymers.

Estimates of the residual, unchlorinated PVC remaining
can be obtained from eq 15 and 16. By residual PVC we

PVCCT = 200R47/A (15)
PVCD = 200[R43 + R47 + P3] /A (16)

mean identifiable sequences of vinyl chloride units {10}.
It does not mean totally unchlorinated chains of starting
PVC. Equation 15 gives the mole percent of vinyl chloride
units centering tetrads (or greater), PVCqr. Equation 16
gives the mole percent of vinyl chloride units contained
in diads or greater sequences, PVCp. The weight percent
chlorine is given by eq 17 and is based on the mole percent
of each of the three types of carbons (eq 1-3).

100(70.90F ¢y, + 35.45Fcpicy)

| =
wt % C 82.92F ), + 48.4TFcye + 14.03Fcyy, (17)

Equations for calculating number-average sequence
lengths in copolymers and terpolymers have been given
by Randall.® We have adapted these equations for CPVC.
The complexity and limited peak resolution of the 50.3-
MHz 3C NMR spectrum of CPVC prevent an exact cal-
culation of 7, the sequence length of vinyl chloride ({10})
units. Equation 18 provides a reasonable estimate of 7.

ﬁ’lO = 1 (18)

Ry + %(Ry + Py + 2P, + Py)

In the calculation of 71,4, we took Py, P, and P; to represent
termination of {10} by conversion of {1} to {2}; R,; represents
{10} terminated by conversion of {0} to {1} or {2}; R,; rep-
resents blocked {10} as interior units; and R, represents
isolated {10} (of {101} only). There are other types of iso-
lated {10} which are not included in our analysis. The CH,
carbon regions R, and R,; were divided at a point con-
sidered to be the best compromise based on the overlap-
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Table II
Microstructural Results for Solution-Chlorinated CPVC’s

% residual

sam- wt % Cl mol % PVC mol %
ple T, chem NMR CH, CHCl CCl, tetrad diad 7, #, 101 201 202 010 110 111 210 211 020 120 121 R
1 91.0 56.2 56.8 49.8 50.2 0.0 997 99.7 1.0 498 0.0 00 50.2 00 00 00 00 00 00 00 1.01
2 91.0 567 573 488 512 0.0 927 977 39 10 488 0.0 00 484 17 11 00 00 00 00 00 1.01
3 943 577 57.7 48.0 520 0.0 87.1 96.1 22 1.1 480 0.0 0.0 469 34 1.7 00 00 0.0 0.0 00 101
4 975 587 587 464 531 05 79.2 907 14 1.2 454 10 0.0 425 73 33 00 00 05 00 00 101
5 1002 59.0 589 46.1 532 07 739 885 93 1.2 450 11 0.0 404 84 42 02 00 06 0.0 01 0.98
6 1016 59.5 59.5 447 548 05 729 867 10 1.2 438 09 00 406 102 40 00 00 05 00 00 1.03
7 1030 593 596 445 549 06 682 827 71 13 434 1.1 0.0 376 109 63 00 00 06 00 0.0 0098
8 1055 579 60.1 437 555 08 668 834 79 13 425 1.2 00 379 116 56 04 00 06 00 02 102
9 107.8 60.5 60.6 43.9 53.8 23 56.4 779 4.8 13 41.0 29 00 320 130 7.1 1.7 00 14 0.0 08 093
10 60.8 422 56.8 0.9 624 801 7.1 1.3 408 14 0.0 356 125 7.1 03 01 07 01 02 1.01
11 1119 620 614 411 575 14 51.1 713 43 1.5 392 19 0.0 29.0 173 105 08 00 09 00 04 095
12 113.2 62.0 405 572 23 473 715 42 15 377 28 0.0 279 176 103 12 05 1.2 03 07 095
13 1232 632 625 396 579 25 37.8 606 29 16 367 29 00 232 206 123 18 03 1.3 03 09 090
14 1234 63.6 37.5 595 3.0 342 608 31 1.7 338 36 01 221 208 144 18 05 16 04 09 094
15 129.8 657 64.7 345 620 3.5 260 486 24 19 308 37 01 186 234 168 27 05 1.7 04 14 097
16 1323 685.0 33.7 627 3.6 253 521 26 19 299 38 00 185 235 175 28 06 16 06 14 1.00
17 1380 658 66.0 326 619 55 195 433 22 20 271 53 04 146 246 179 4.0 12 24 1.0 21 097
18 1394 66.4 30.7 646 4.7 178 419 22 20 262 44 01 152 250 200 39 09 19 08 20 1.04
19 1448 665 66.8 30.8 631 6.2 152 379 20 22 253 654 03 102 258 21.0 51 16 22 1.2 2.7 092
20 1543 67.7 679 280 651 7.0 90 303 1.7 24 221 57 02 9.0 238 249 58 22 21 1.7 32 095
21 1483 68.4 259 675 6.6 84 263 1.7 24 209 49 01 81 250 266 70 12 20 1.0 36 1.03
22 159 684 28.7 658 15 78 257 1.7 24 207 58 02 7.3 248 260 73 17 23 14 38 099
23 1638 682 693 249 662 89 46 232 16 26 182 66 0.2 42 231 291 84 25 24 21 44 093
24 1655 68.2 69.7 24.1 664 95 39 209 15 26 171 69 03 4.7 229 285 89 30 24 24 47 1.00
25 1678 683 696 242 665 93 3.8 224 16 26 173 68 03 51 231 283 83 32 23 24 45 1.00
ping assignments previously determined.! 70 INATION R
Equation 19 gives the sequence length of CHCI carbons S0.UTION CHLORINATIO o _abt”
~O
~ Soio + Sa10 + Saiz + Sy + Sipe + San 801— CHEA}A
n, = 1 (19) yAA
Soto + Sa10 + Sarz + /(S110 + San) A
A/
[7,), not 1,2-dichloroethylene units. It follows directly from 50 _“’A‘X
the equation for sequence length in terpolymers.® The \m*
sequence distribution analysis outlined above was devel- g XX CHa
oped on the basis of peak assignments for sequences ex- = 40— x"‘x\
pected to occur in CPVC’s of low and intermediate chlorine 8 "
levels (57-67% chlorine). The exact positions of peaks due g N
to highly chlorinated sequences centered on {1} or {0}, such &30 XX\X
as {X212X} or {21012}, are not known and may not be 2 N
resolved from resonances due to lightly chlorinated se- ke
quences. Some peaks that occur in the 60-70 ppm region 20
contain contributions due to sequences such as {12110}, a
fact not taken into account here. Hence, this analysis is
not expected to be as accurate for CPVC’s of very high 1O}~ W
chlorine content as it is for CPVC’s of low and interme- cClp +;+/+i/
diate chlorine content. The accuracy of the method may L - T J
also be reduced somewhat for very heterogeneous polymers 0 T e B 70
where some portions of the material are very highly Wi% Cl

chlorinated.

Analysis of Solution-Chlorinated Polymers. The C
NMR analysis developed here was used to characterize a
number of CPVC’s prepared by photochlorination in so-
lution. Solution-chlorinated polymers have been charac-
terized previously at low field,” but not is great detail. This
low-field study was recently updated at 50.3 MHz.!° The
CPVC's studied here contain from, 57% to 6% chlorine
by chemical analysis and serve as a good test of the sen-
sitivity of the NMR method to changes in composition.
Table II gives the results of our analyses. The weight
percent chlorine determined by ®*C NMR is in good
agreement, for the most part, with that determined by
chemical analysis. The concentration of CH, carbons
decreases monotonically while the concentrations of CHCI
and CCl, carbons increase with increasing chlorine content
(Figure 2). No evidence is seen for an overall decrease
in the concentration of CHCI groups due to formation of

Figure 2. Mole percent carbon type vs. weight percent Cl for
solution chlorination.

CCl, groups from CHCI groups, up to 69% chlorine. At
this chlorine level the net result is that 65% of the chlo-
rinated CH, groups have been converted to CHCl and 35%
to CCl, groups.

The amount of residual PVC centering tetrads, as given
by the analysis, is reduced to only a few percent at about
69% chlorine. In fact, it is probably reduced very close
to zero at somewhat lower chlorine contents, but intensity
from other, non-PVC, sequences interferes slightly with
the analysis. The amount of residual PVC in diads or
greater is reduced more slowly, and a substantial amount
is still remaining after chlorination to 69% chlorine. This
remaining “PVC” in diads must consist in large part of
isolated pairs and single units of vinyl chloride. This is
supported by the behavior of the number-average sequence
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BHp, Fijo and PVC TETRADS vs. Tg
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Figure 3. Heat of melting (AH;), vinyl chloride sequence length
(Ry0), and residual PVC centering tetrads vs. T, for solution
chlorination. Full scale for AH_, is 4.68 kJ/kg, for iy, is 22, and
for residual PVC is 87.1%.

length of vinyl chloride units, 73,3, with chlorine content.
The value of 71,, decreases rapidly at first, as expected for
random chlorination. At about 67% chlorine, the value
of i, becomes less than 2, indicating a high percentage
of isolated vinyl chloride units.

The results obtained from this CPVC analysis can be
correlated with thermal properties measured by differential
scanning calorimetry (DSC). The variation in the second
heat of melting AH,, of a number of prefused solution
CPVC’s as a function of glass transition temperature (T,)
is shown in Figure 3. Also shown is the variation of 7,
as a function of T,. The very similar behavior of the two
curves shows that the residual crystallinity, as measured
by the second heat of melting, correlates with the sequence
length of the residual PVC. The quantity 7i,, should
correlate with the average sequence length of syndiotactic
placements, a critical quantity for formation of PVC
crystallites (see following paper). Also shown is the be-
havior of the residual vinyl chloride units centering tetrads.
This quantity, which falls off more gradually than either
AH_, or iy, is not expected to follow the syndiotactic se-
quence length. We conclude from the above that the re-
sidual crystallinity in the solution CPVC’s is indeed due
to the residual PVC, and not from some newly formed,
crystallizable sequence.

The sequence length of CHCI carbons, 73;, varies from
its initial value of 1.0 to 2.6 at about 70% chlorine. The
small range of 7; suggests that it will not be as useful a
parameter as 7i;, for characterizing CPVC structure. The
narrow range of 71, is due to the simultaneous creation and
destruction of CHCI carbons. Also, a growing sequence
of CHCI’s can be destroyed by additional chlorination
within the sequence, or it can be terminated by encoun-
tering a preexistent CCl, carbon, such as in a {10201} se-
quence.

The behavior of various 1- and 2-centered three-carbon
sequences with chlorine content is shown in Figures 4 and
5. While the change in concentration of some sequences

13C NMR Microstructural Analysis of CPVC 1261
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Figure 5. Mole percent CCl,-centered sequences vs. weight
percent Cl for solution photochlorination.

appears to be linear, others change in nonlinear fashion
because they are being created and destroyed in consecu-
tive reactions. The amount of {110} (Figure 4) actually
decreases at high chlorine content due to its further
chlorination to other sequences. It is also interesting that
the {121} and {120} sequences are produced at increasing
rates, while the increase of {020} is approximately linear.
The concentration of {121} surpasses that of {020} at about
65% chlorine for the solution-chlorinated polymers. Sim-
ilar behavior was seen in a very recent study of solution-
chlorinated polymers prepared at other temperatures.i?
We are not able to explain why the more highly chlorinated
{121} is always more prevalent than {120}. It may be that
the various configurational isomers of {111} possess one or
more conformations readily susceptible to chlorination at
the central carbon atom.

A question in past CPVC structural studies has been the
relative rates of chlorination of CH,; and CHCI groups in
PVC. We have already shown! that both CH, and CHCI
carbons are substituted by chlorine in the very early stages
of the chlorination. Measurement of the ratio of the
concentration of {111} to that of {020}, at low chlorine
contents, should provide an excellent estimate of the initial
relative reactivity of chlorine radicals toward CH, and
CHCI carbons in PVC. The ratio {111}/{020} is found to
be initially 9.8 for solution chlorination under our condi-
tions. This is consistent with previous work on chlorination
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Table III
Tacticity of Residual PVC in Solution-Chlorinated and Other CPV(’s®

tactic triad, mol %

sample’ residual PVC (tetrad) mm(CHCI) mr(CHC]) rr(CHCI) rr(CH,) rrr(CH,), mol %
1 99.7 23.1 47.5 29.4 28.1 15.8

2 92.7 20.4 48.7 30.8 28.9 16.6

3 87.1 22.2 48.7 29.1 27.3 15.2

4 79.2 20.6 484 31.0 29.8 18.0

5 73.9 23.5 46.7 29.8 27.9 17.9

6 72.9 20.5 48.7 30.8 29.3 18.6

7 68.2 22.2 47.7 30.1 24.2 18.4

8 66.8 19.8 46.6 33.6 30.8 21.1

9 55.4 21.8 47.4 30.8 25.5 16.2

10 62.4 20.5 46.4 33.1 28.5 18.5

11 51.1 20.3 45,7 34.0 28.7 20.2

12 47.3 20.4 46.5 33.1 27.1 19.5

13 37.8 21.8 44.6 33.6 24.0 17.7

14 34.2 25.9 43.5 30.6 26.5 19.2

15 26.0 22.2 41.5 36.3 25.6 19.3

16 25.3 24.4 44.7 30.9 23.4 19.5

17 19.5 20.0 39.8 40.2 21.6 18.0

18 17.8 24.7 40.3 35.0 21.3 18.4

19 15.2 23.1 33.2 43.6 24.3 21.1
LCL1 22.5 22.0 (25.1) 43.9 (49.4) 34.1 (25.4)4 22.7) (16.6)
LCl,2 18.9 22.4 (23.4) 39.8 (44.5) 37.8 (32.1) 35.1 (36.2) 29.8 (28.7)
H, 01 26.2 20.7 (20.8) 35.8 (36.7) 43.6 (42.5) 40.1 (42.4) 33.3 (33.7)
H,0 2 27.5 21.5 (24.0) 36.1 (38.0) 42.4 (38.0) 40.8 (39.0) 32.8 (29.5)
fluid bed 28.5 22.1 34.1 43.8 43.4 33.5
HCPVCe 18 17 65 62 56

¢Values in parentheses from resolution-enhanced spectra. ®See Table II and footnotes, Table IV. °Very highly chlorinated CPVC (see
text). Reference 21. ?Highly inaccurate because of the low level of residual PVC and the homogeneity of the process.

of secondary alkanes.!! It is also consistent with the results
of Keller et al.!° for other solution-chlorinated polymers.
By contrast, the ratio for a series of water-slurry chlori-
nated resins was found to be 5.3.12 Thus, in solution, where
all carbons should be equally available for substitution,
CH, carbons are initially chlorinated about 10 times faster
than CHCI carbons. In the water-slurry system, where
chlorine (or chlorine radicals) must diffuse through solid
PVC particles, the selectivity is reduced so that CH,
carbons are chlorinated only 5 times faster than CHCI
carbons. As a result, at the same degree of chlorination,
a water-slurry CPVC would be expected to contain more
CCl, carbons than a solution CPVC. In addition, many
of these CCl, carbons might occur near the surface of the
particles.?

Stereochemical Analysis. Table III gives the tacticity
of the residual PVC in a number of solution and other
CPV(C’s. The CHCI carbon region of the residual PVC
(55-57.5 ppm) was used to obtain the concentrations of
isotactic (mm), heterotactic (mr), and syndiotactic (rr)
triads. The triad concentrations were obtained directly
from the corresponding peak areas!'* without any correction
for the known interfering resonances. The concentrations
of the syndiotactic triad were also estimated from the
tetrad peaks rrr and mrr in the CH; carbon region!4 using
the necessary relationship!®

(rr) = (rrr) + (mrr)/2 (20)

The concentration of the promiment rrr tetrad is also listed
in Table IIL

The concentrations of syndiotactic triads and tetrads
in sample 1, the starting PVC, are nearly the same as those
previously reported.’ With increasing chlorine content,
there is very little change in the amount of syndiotactic
triads, although there is considerable scatter in the data.
At about 30% residual PVC, the apparent concentration
of syndiotactic triads, as measured in the CHCI region,
increases. However, this change is not reflected in the mole
percent rr from the CH, region, where the apparent syn-

diotacticity decreases with about 30% PVC remaining.
The mole percent rrr tetrad (15.8% in PVC) appears to
increase quickly to 18-20% at 80% residual PVC and
remains in that range as the residual PVC approaches
15%.

The discordant results among the various tacticity
analyses for the solution CPVC’s are largely due to the
presence of interfering resonances. In the CHCI region,
interference due to CH, carbons next to CCl; carbons in
{01020} sequences, which appear at about 56.3 ppm,® is the
major factor. This interference increases the apparent
concentration of syndiotactic triads. Since it occurs be-
tween the rr and mr CHCI peaks, it also contributes
somewhat to the mr peak. Hence, it is impossible to apply
a correction procedure by subtracting an area equal to that
of the interfering peak from the peak due to rr triads.
When we attempted such a correlation by subtracting twice
the area of the CCl; peak at 89 ppm,’ we did obtain rea-
sonable values at low chlorine contents where the correc-
tion is small. However, at higher chlorine contents (62.5%
and greater), the values for mole percent rr were very
erratic and much lower than expected. It is also apparent
from spectra of very high chlorine content CPVC (>67%)
that there is a small interference to the mm triad peak.

The interference in the PVC CH, carbon region appears
to be less than in the CHCI region for a given chlorine
content. It is for this reason that we use the CH, region
to represent the amount of residual PVC. Even so, some
interference does occur toward the high-field (45 ppm) end
of this region. Thus, at the higher chlorine contents the
amount of residual PVC appears to be overestimated. This
partially explains the decrease in the syndiotactic triads
at the higher chlorine contents. There appears to be no
direct interference to the rrr tetrad peak at 47.7 ppm. The
variation in the concentration of this tetrad is probably
due to its small area relative to the total area. Another
possible complication in the tacticity analyses is that
chlorination adjacent to a PVC triad may cause a small
chemical shift change for the central carbon, moving the
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Figure 6. Resolution-enhanced, 50.3-MHz '3C spectrum of Geon
603X560. The arrow at about 57 ppm shows the interfering peak
due to {01020} sequences. The arrow at about 56 ppm shows an

unidentified interfering peak.

resonance of that carbon into that of some other sequence.

We conclude from the results in Table III that a rea-
sonable estimate of PVC tacticity in solution CPVC’s can
be made at residual PVC contents of about 25% or greater.
This corresponds to a weight percent chlorine of about
65%. For CPVC’s prepared by heterogeneous processes,
it may be possible to measure tacticity at lower PVC levels
since the residual PVC occurs in longer sequences on the
average and would give a better resolved spectrum in the
PVC regions (see below). We also conclude that in solution
there is no strong preference for chlorination of a particular
tactic sequence, at least at residual PVC levels where
tacticity can be accurately measured. At low levels of
residual PVC, the stereochemical preference of chlorination
may be influenced by the presence of highly chlorinated
sequences. Close inspection of the CH, region as a function
of the degree of chlorination does show that the mrr peak
at 47.0 ppm disappears more quickly than the remaining
PVC CH, peaks. Apparently the mrr tetrad is chlorinated
at a somewhat faster rate than the others.

Although under normal data processing conditions the
major interference in the CHCI region of PVC is not re-
solved, resolution enhancement provides total separation
of the {01020} peak. Figure 6 shows this peak resolved from
the residual PVC rr peak. The interfering peak is resolved
more easily at 100 MHz (Figure 7B). It does appear that
other, smaller peaks are interfering slightly with the peaks
from the mr and mm triads.

The stereochemistry in some chlorinated sequences can
also be followed at the early stages of the reaction. We
previously found that solution chlorination yields relative
amounts of {111}, {11’1}, and {111’} sequences that are ap-
proximately consistent with equal chlorination rates for
m and r diads of PVC.!

100-MHz *C NMR Spectra of CPVC. The 3C NMR
analysis for CPVC structure developed here is limited to
a large extent by the peak resolution available in the
50.3-MHz spectrum. A more detailed analysis, including
all or most five-carbon sequences, and stereochemical in-
formation, requires a substantial increase in spectral res-
olution. The use of higher magnetic fields might be ex-
pected to greatly increase the amount of structural in-
formation available in the '3C spectrum. Unfortunately,
this is not the case. We have obtained 100-MHz 3C NMR
spectra of sample 17 and Geon 603X560 CPVC under
conditions comparable to those used to obtain the spec-
trum shown in Figure 1. Very little, if any, improvement
in spectral resolution is seen at the higher field. Resolution
enhancement by computer improves the situation some-
what in the residual PVC regions, and in the CH, region
(4046 ppm). No improvement is seen in the region from
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Figure 7. Resolution-enhanced, 100-MHz *C spectra of CPVC’s:
(A) sample 17 (Table II); (B) Geon 603X560 (process HyO 1); (C)

difference spectrum, B — A.

58 to 70 ppm, and in the CCl, carbon region (not shown).
Figure 7, A and B, shows the 40-70 ppm regions of the
resolution-enhanced 100-MHz spectra of sample 17 and
Geon 603X560 CPVC, respectively. It is clear from the
spectra in Figure 7, A and B, that very high fields will not
dramatically improve the overall CPVC structural analysis.

Differentiation of CPVC’s Made by Various Pro-
cesses. The sensitivity of the 3C NMR spectrum of
CPVC to the chlorine level and to the variety of three-
carbon sequences suggests that the method can be used
to differentiate CPVC’s made by various processes. In this
regard, progress has already been made at 22.6 MHz.1¢
Table IV gives the results of our *C NMR analysis applied
to CPVC'’s made by six different processes.”?° Ideally,
it would be desirable to follow each process as a function
of degree of chlorination. Here we only compare the
processes at one chlorine level—about 66%. While all of
the spectra are grossly similar, many detailed differences
can be noted. Figure 8 shows a comparison of the CCl,
regions of the 13C spectra for the various processes, along
with the total CCl, contents. Clearly both the total CCl,
content and the distribution of CCl, types are sensitive to
the chlorination process. In the heterogeneous processes
(last three) more CCl, groups are formed than for the
homogeneous processes at the same percent Cl, and the
distribution of types is weighted more toward very highly
chlorinated sequences.

It has been known for some time that the amount and
tacticity of the residual PVC in CPVC are strongly influ-
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Table IV
Microstructural Results for CPVC’s Prepared by Various Processes
% residual
wt % Cl mol % PVC mol %

process chem NMR CH, CHCl CCl, tetrad diad 7, n; 101 201 202 010 110 111 210 211 020 120 121 R
solution® 65.8 66.0 32.6 619 55 195 433 22 20 271 53 04 146 246 179 40 12 24 1.0 21 097
LCl,1® 65.3 652 333 63.0 3.7 225 426 21 19 306 26 01 179 21.7 188 39 0.7 11 05 21 096
L Cl, 2¢ 85,5 67.0 29.7 64.0 56 189 40.7 22 20 256 40 0.2 154 215 213 57 13 16 1.0 3.0 105
H,0 14 66.5 324 609 6.7 262 458 26 1.9 267 55 04 156 195 190 54 2.0 22 15 29 0.95
H,0 2¢ 66.6 329 59.7 74 275 439 26 18 261 66 04 176 17.1 179 52 26 25 21 29 098
fluid bed/ 66.5 66.5 368 522 11.1 285 49.8 26 1.7 269 95 0.8 145 149 130 66 53 3.2 38 40 0.8
HCPVC# 725 188 653 159

9Sample 17, Table II. ®Reference 17. ‘Reference 18. ¢Reference 19; Geon 603X560. °Reference 21.

fChlorine concentration ramped

2-100% over 360 min at 40 °C, UV initiation. #Reference 25. Very highly chlorinated CPVC (see text).
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Figure 8. Effect of process on the amount and type of CCl,
carbons in CPVC at about 66% Cl.

enced by the chlorination process.'®?' QOur results in Table
IV confirm this. Although all the samples in Table IV
contain about the same level of Cl (L. Cl, 1 is slightly
lower), they have different amounts of residual PVC. This
is also reflected in the sequence lengths. The heteroge-
neous processes, having more residual PVC, have larger
values of 7i;; than the homogeneous processes. The het-
erogeneous processes also have smaller 7i; values.

We! and others?? had previously concluded, on the
basis of 1)C NMR evidence, that the residual PVC in
CPVC prepared by using a heterogeneous process was
higher in syndiotactic content than the starting PVC. This
has been attributed to a reduced rate of chlorination of
the PVC crystallites, primarily composed of longer syn-
diotactic sequences, relative to the amorphous regions.
Recently, doubt has been cast on this interpretation by
Dorrestyn and co-workers,?* who concluded, on the basis
of their own and previous work, that peak overlap made
it impossible to accurately measure the tacticity of the
residual PVC in CPVC’s. While such may be the case for
spectra obtained at 25 MHz, we find that spectra obtained
at 50 MHz and higher can be used for reasonably accurate
quantitative measurement of tacticity within the limits
defined above. This is particularly true when resolution
enhancement is used.

Inspection of the 54-58 and 46-48 ppm regions of the
100-MHz spectrum (Figure 7B) of Geon 603X560 CPVC,
produced in a heterogeneous process,'® shows that the

PVC-RESOLUTION ENHANCED
mmr +mem
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rme
rrvw

L .

60

ppm

Figure 9. Resolution-enhanced, 50.3-MHz *3C spectrum of PVC
for comparison to Figure 7C. Tacticity assignments are from ref
14,

residual PVC is much higher in syndiotactic content than
a typical PVC. This is demonstrated more dramatically
by digital subtraction of the normalized spectrum of a
solution-chlorinated polymer of the same chlorine content
(sample 17, Figure 7A) from that of Geon 603X560. The
solution-chlorinated polymer has approximately the same
concentrations of most chlorinated sequences (Table IV).
The difference spectrum shown in Figure 7C confirms that
most of the CPVC spectrum has been canceled out, except
for the residual PVC portions. The Geon 603X560 CPVC
sample has a syndiotactic triad content of 40-44% based
on our analyses at 50 MHz. The same is true for the other
heterogeneous processes (Table III, “Hy0 2” and “fluid
bed”). Moreover, the use of resolution enhancement at 50
MHz yields tacticity values that are in reasonable agree-
ment with those obtained without resolution enhancement.
The peak resolution in the residual PVC regions of
Figure 7 shows that the relative rates of chlorination of
long stereochemical sequences can be followed. Figure 9
shows the 50.3-MHz spectrum of PVC resolution enhanced
to the point where it can be compared to the 100-MHz
spectrum of Figure 7C on a resolution basis. Comparison
of the difference spectrum of Figure 7C to that of PVC
reveals changes of relative peak intensities at the tetrad
and pentad levels. Assuming all sequences are chlorinated
at about equal rates in solution, the relative overall rate
of chlorination in the heterogeneous process used for Geon
603X 560 CPVC decreases in the order (rmr) = (mmr) +
(mrm) > (rrm) > (rrr). This is consistent with the triad
results from the CHCI region ((mr) > (rr)).
Chlorination to a very high degree using a heterogeneous
process can produce a polymer whose residual PVC is
essentially all syndiotactic. Figure 10 shows the spectrum



Macromolecules 1985, 18, 1265-1272 1265

HCPVC
72.5%Cl
re
PVC
rer
22X
] 1 | U O B 1 | L ! |
100 90 80 70 60 50 40
ppm

Figure 10. Very highly chlorinated CPVC prepared by a fluid
bed process.

of a 73% chlorine CPVC produced by an experimental
fluid-bed process.?® Although our detailed analysis is not
applicable at such a high chlorine level, two important
observations can be noted from the spectrum. First, the
syndiotactic PVC peaks are clearly visible and constitute
at least 62-65% of the total area attributable to residual
PVC (Table III). The results for this polymer confirm the
reduced chlorination of the PVC crystallites relative to the
amorphous regions in a heterogeneous process. In addition,
a new CCl, peak appears at about 100 ppm which we assign
to the presence of {22X} sequences. Obviously such se-
quences will be difficult to generate in measurable con-
centration under all but the most forceful chlorination
conditions. No evidence for adjacent CCl, carbons was
seen in a recent study of the chlorination of poly(vinylidene
chloride).?®
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Thermal Property-Structure Relationships of
Solution-Chlorinated Poly(vinyl chlorides)
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ABSTRACT: The specific heat capacity increment (Ac,) at T, for the chlorinated poly(vinyi chlorides) (CPVC's)
studied decreased almost continuously with increasing chlorine substitution. The decrease exceeded that
calculated from the “constant molar bead heat capacity rule”. This is interpreted as evidence that chlorine
substitution stiffens the CPVC chain. At first chlorination up to 59% chlorine caused an increase in Ac,,
which coincided with the large initial decrease in PVC crystallinity. The crystallinity dropped to less than
one-tenth the value in PVC when the chlorine level reached 61%. The relative drop in crystallinity coincided
with the decrease in PVC syndiotactic sequences containing 12 or more monomer units as calculated from
random chlorination statistics. Detectable crystallinity persisted until the chlorine content was about 67.5%.
The Ac,, for 100% amorphous PVC was found to be in good agreement with theory.

Introduction
The early characterization and uses of solution-chlor-
inated poly(vinyl chloride) have been described by Bier!

0024-9297 /85/2218-1265$01.50/0

and Trautvetter.? They concluded that chlorine substi-
tution was random or homogeneous compared to water-
slurry or solvent-swollen chlorination processes, which gave
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