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Normal Coordinate Treatment and Assignment of Infrared
Absorption Bands of Polyvinyl Chloride

By Takehiko SHiMANOUCHI and Mitsuo TASUMI

(Received September 16, 1960)

In the analysis of infrared absorption spectra
it is often of considerable importance to cal-
culate the frequencies of the normal vibrations.

Recent developments in high-speed computers
have made it possible to calculate the normal
vibrations of complex molecules. We have
calculated the frequencies of the polyvinyl
chloride molecule using the force constants
transferred from simple molecules. These results
suggest a modification of the assignment pro-
posed in former studies'? and will be reported
in the present paper.

Method of Calculation and Results

The normal coordinate treatment was carried
out on assuming that the polyvinyl chloride
molecule is syndyotactic and takes the extended
zigzag form with the repeating unit made up
of two monomer units. The unit cell for this

structure is shown in Fig. 1. This model be-
longs to a group isomorphous with to the point
group C+, and in Table I symmetry species,
selection rules, and dichroic properties are
given.

Fig. 1. Unit cell for syndyotactic structure
of polyvinyl chloride.

SYMMETRY SPECIES, SELECTION RULES, AND DICHROISM FOR SYNDYOTACTIC

POLYVINYL CHLORIDE*

TaABLE I.
sz E Cz Ty dgg
A, 1 1 1 1
A, 1 1 -1 -1
B 1 -1 1 -1
B: 1 -1 -1 1

* As to the notation, see Ref. 1.

Number of IR R
frequencies (Dichroism)
9 7 active
7 inactive active
9 a active
7 T active

TABLE II. INTERNAL COORDINATES

Bond lengths ; Bond angles ;

R! Cl-Clt ol CIV'_CI-ClI @l CI-CU-H,I!
RI] C]I_Clll =188 CI_C]I_CIII ?211 CI_CII_H211
RHI ClI[_CIV 8[1{ CII._C]'II._.CIV 998“ ClII_Cl[_HIII
RIV CIV_CI' arv CIII_C[V,CI' go‘ll ClII_Cl[,Hzll
nI CI_ClI 01 CII_CI,_HI 901111 CII_CHI_HIII
Fol CI-HI git H,I-ClI-H,!! oIl Cll_CHI_C]i
i1l Cl-H,I [/888 HUL_CUI_ClIIT a1l CIV_CHI_HIII
roll CIlI-H,!! gv H,1V-CIV_H,IV @1 civ_cui_cjur
}'11” Clll_HIlI Pll CIV"_CI_ClI 'PIIV CIII_CIV_HIIV
erll CIlI_ClI'II {521 CI\"_CI_HI {921‘; CIII_C[\’_Hzl\u"
v CIV-H,IV o clu-Ci-ctt oslV CU-CIV-H,IV
ralV CIV_H,1Vv e CU_CI_H! eV ClU'-CIV_-H,V

1) S. Krimm and C. Y. Liang, J. Polymer Sci., 22, 95

(1956).

2) 8. Marita, S. Ichinohe and S. Enomoto, ibid., 37,
273, 281 (1959).
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TasLe III
A S =%(JR‘+AR“+.JR1"+ARW)

S: =-;—{4r1“+.drz“+dnw+ Ar:tV)

ﬂ%(drgl'i- AryI)

S‘ (dr11+ A‘rzl”)

l/ 2
Ss ==1/——2—(d91+48“1)
Se =V%(AG“+ 461V)
Y = (.491-]-40“1)

Ss ==17?(A'8“+ 4601v)

Ss =;}-_§.(A¢1H+A;og"+dgo,=f+4¢.“+dqm“‘
+Agosw+d(ps“'+ 4p¥)
Sio= (Asp’n-Ag)zu—dsos“-i-glpﬂ:—.dgollv

+d§02“"+dgo3“’ Ap,tV)
S11=%(d§021+d@41 + I+ ApglIh)
1
Slz=?(“!otl+ dpsl+ A1+ 4p,11T)

Four redundancies are included among these
coordinates.

A S .—_-l(ARI+AR“—~ARI“—-ARW)

Se ——(Ar111+4r211—dr1i" .drz“")

Ss =1/—f(‘19"-—-49w)
S -——1—/1-5(;19“——49“’)

1
Ss =17-§u‘pln+492114_4@3114.35,411_dsolw

_A?Biv_dsoslv_d?ilv)
S = 1/ 3 (4o 11— sl — gl + A J1+ 4,1V
— A1V — ApstV + 49 IV)

As only the vibrations in which correspond-
ing atoms in all the unit cells move in phase
are optically active for such high polymers, the
calculation was done for these modes of vib-
ration according to the method applied to poly-
ethylene®. The internal coordinates and the
internal symmetry coordinates used are given
in Tables II and III. For the internal coordi-
nates only the bond lengths and angles are
taken and the angles of internal rotation about

3) T. Shimanouchi and S. Mizushima, J. Chem. Phys.,
17, 1102 (1949).
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INTERNAL SYMMETRY COORDINATES

S,; m-;—-(dgpzl‘dgo.l——dgo1m+ 45031“)

Ss z%(dso:’—dsos‘—dsoz“% de M)
One redundancy is included.

B, S =%(A‘R'—-A‘R“—AR"I+ARI")

1
So =‘_(JP1" — Ara T4 41V — 4r,1V)

S0 = Cara— ang
S.l V-"Lz—‘(dl‘l ArEIH)

Ss 1%(mr— 46111)

Se = ‘/ X (468" — 48111)

Sy =W(J¢1“+4192“—490311—4904“—3591”

—dpsV+ etV + dp V)

1
Ss =1/_._8_{J?111__J,‘52l1+ JP.\:""’JQD;“'!’J',‘J;IV
— AtV 4 AV — A¢gtV)
1
Ss - 2‘(4992‘-#45041—4501"1— ASDSIH)

1
Sio=7 (dps'+ s’ — A1 — Ap11T)

One redundancy is incuded.

B; S, =—;-(.1RI—AR"+ ARMI— 4RIV)

S = %(Jnu— Arll— AV 4p,1V)

S5 sﬁ(dplnﬁ_dvmn_bf@sll._.‘jsg‘ﬂ + g1V
+A¢31V_d¢alv._.dqo‘lv)

S, 5]/71_8-_.(4991II_.,JP‘zII_-rA(PsII_JGO‘II_.AqDIIV
A1V — AotV + dpytV)

1
S5 =5 (dgal— Apit+ Ag,TH1— Apgh)

1
Se =—2-(dgall—dgosl+dgoz“1—J;mm)

the C-C bond are excluded. Therefore, in this
calculation the torsional vibrations of the zigzag
chain are not considered, but this has compara-
tively little effect on the other calculated fre-
quencies.

The potential field used is the Urey-Bradley
type®.

2V = K(C-C)%}(AIRF+K(C-H)c:m£‘.(Ar.:)2
+K(C‘H)cnmr2(4?‘b)z

4) T. Shimanouchi, ibid., 17, 245, 734, 848 (1949).
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+K(C-C1)X(dr.)?

+H(C—C—C?) be (1.54)2‘?(41@)2
+H(H-C-H) X (1-09)?}(40«;}2

+ H(H-C-Cl) x (1.09) ;(1.77)§:(A€a)=

+ H(H-C-C) can X (1.09) X(1-54;§1(A%)2
+H(H-C-C)cac1 X (1.09) X (1.5-'-1)%(‘4%)2
+H(CI-C-C) x (1.77) X (I.S4)§}(.;fpc)z
-C)%l(éfl:;')"-%F(H---H);E“}(zlqm)2
-Cl)%(dqa)2

-C)cnn?(ﬁqe)z

-C)cuc;é(dqo’

+ F(C1--

+F(C-
+F(H-
+F(H-
+F(H-

‘C)>1(4g.)%+linear terms
qe

where R’ Fay by Fey @: 63’ 60‘3 Pas Poy Pes Q! Ga*'ge
represent the following bond lengths, bond
angles, and interatomic distances indicated in
parentheses.

R(RL, R, RII RIV)

ra(rlll, AL v, erV)

ry(rsl, i)

re(ril, rit)

e(EL Y EM, @IV)

ﬁu(all, 51\")

6»(6", 611)

@a(el, @1, @gll, @1 0,1V, @IV, 0 IV ¢ IV)

Po(@2, 4, i1, @3liT)

Pe(@l, @al, @211, @lIIT)

Q(Cv'...cl, Cl..Clll, CIL..CIV, CIL..CI')

ga(Hy - -HoIL, H,IV-..H,IV)

go(HL--Cl1, HIL..C]1II)

qe(CL---H,1I, CL...H,1I, CIL..H,II, CII..H,II,
CHL..H,1V, Clll...H,1V, Cl'...H,IV,
Cr'...H,IV)

ga(CIV'...HI, ClL...HI, CIHL...HUII CIV...|{III)

ge(CIV'...Cl1, CIL...C[I, CIL...C]HI, CIV...C]III)

For the first calculation we used the force
constants transferred from polyethylene®, 1, 2-
dichloroethane®, and 1, 1, 2, 2-tetrachloro-
ethane®. These force constants are indicated

5) S. Mizushima, I. Nakagawa, I. Ichishima and T.

Miyazawa, ibid., 22, 1614 (1954).

6) K. Naito, I. Nakagawa, K. Kuratani, I. Ichishima
and 8. Mizushima, ibid., 23, 1907 (1955).

TABLE IV. FORCE CONSTANTS (in millidyn./A)s
AND INTRAMOLECULAR TENSION (&)
(in millidyn. A)

Set 1 Set 2 Set 3

1 K(C-C) 2.8v 3.10 3.00
2 K(C-H)cunu 4.2b 4.15 4.15
3 K(C-H)cua 3.904 4.10 4.10
4 K(C-CD) 1.81c  1.65 1.70
5 x(-CHH-) 0.2v 0.21 0.20
6 «(-CHCI-) 0.10¢ 0.10 0.10
7 H(C-C-C) 0.2v 0.20 0.20
8 H(H-C-H) 0.4v 0.36 0.38
9 H(H-C-C)cun 0.15® 0.09 0.12
10 H(H-C-Cl) 0.05¢  0.06 0.06
11 H(H-C-C)cuar 0.15¢  0.15 0.15
12 H(CI-C-C) 0.10¢ 0.10 0.10
13 F(C--C) 0.3 0.50 0.45
14 F(H---H) 0.1v 0.06 0.08
15 F(H--C)cun 0.4p 0.43 0.41
16 F(H--Cl) 0.80c  0.80 0.80
17 F(H--C)cuc1 0.40¢ 0.45 0.45
18 F(Cl---C) 0.60¢° 0.50 0.55

Molecular constants
r(C-C)=1.54A, r(C-H)=1.09A, r(C-C1)=1.774,
All the bond angles=109°28'
a F' is assumed to be —0.1F.
b Transferred from polyethylene?®.
¢ Transferred from 1,2-dichloroethane®.
d Transferred from 1.1,2,2-tetrachloroethane®,

as Set 1 in Table IV. The molecular constants
assumed are also given in Table IV. From
these values the characteristic values, L-matrix,
potential energy distribution, and Jacobian
9(vyur) /(K K,) were calculated with the
use of the PC-1 computer built in the Depart-
ment of Physics, The University of Tokyo. In
the next calculation, taking into account the
results of the first calculation and the observed
values, we introduced the new force constants,
Sets 2 and 3 given in Table IV, and repeated
the calculation in the same way. In the case
of Set 2 the force constants are adjusted so
that the calculated frequencies show the best
agreement with the observed values of poly-
vinyl chloride. Set 3 was obtained by modify-
ing the former sets in such a way as to make
the calculated frequencies correspond reasonably
to the observations for deuterated polyvinyl
chloride also.

The calculated frequencies are compared with
the observed in Tables V and VI, in which the
assignments of bands based on the calculated
potential energy distribution are also given.

Discussion

Polyvinyl Chloride (PVC).— Of the three
infrared active species, A;, B; and B, only B,
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TABLE V. CALCULATED AND OBSERVED FREQUENCIES OF POLYVINYL CHLORIDE
(in cm~1) and assignments

Calpd. Obs.4 Assignment
1a 2v 3e
3o a6 e BT w CH str. (B, (A)
o 10 ) w0 mo CH_ antisym. str. (By), (Bs)
2905 2871 2873 2849 W @ CH; sym. str. (A;)
2820 VVW &
1501 1425 1459 1427 s o CH: bend. (A;)
1392 1340 1360 1381 VW T CH: wag. (Bz)
1397 1343 1367 1352 VW ¢ CH: wag. (B;)
1225 1246 1245 1330 m o CH bend. (A;)
1227 1245 1244 1250 s @ CH bend. (B))
1243 VVW @
1190 1210 1208 1228 w T CH bend. (B:)
1197 W T
1030 1063 1054 1125 VW T CC str. (B2)
o8 108 }(1}.?.‘1’} 1096 m ¢ CC str. (A1), (B
1016 976 993 963 m o CH: rock. (B;)
1026 930 977 926 VW @ CH. twist. (A;)
874 832 849 833 w T CH; rock. (Bz)
693 m o
663 639 651 635 s o CCl str. (Aj)
615 s ¢
639 624 633 603 w o* CClI str. (By)
487 VW
444 458 452 430 w CCC def. (By)
343 328 338 363 w CCl bend. (A;)
OB o o~ my
}2[2] : torion (A, B:)
102 VW

See Refs. 1,2, 7—I11.

oo o

should have parallel dichroism when the mo-
lecular chains are oriented along the stretching
direction. As shown in Table V the observed
parallel bands correspond reasonably to the
calculated B, frequencies. The perpendicular
bands, also, show good correspondence with the
calculated A, and B, frequencies. The main
points of the present assignment are summarized
as follows:

1) Both of the two CH stretching frequen-
cies which belong to the A; and B, species are
assigned to the band at 2967cm~!. The former
assignment!> of the CH stretching mode (A;)
to the 2820cm™~! band is improper because of
the weak interaction between the two CH
bonds. This is also the case for 1, 1, 2, 2-tetra-
chloroethane, in which the two CH bonds are

Calculated from the force constants, Set 1.
Calculated from the force constants, Set 2.
Calculated from the force constants, Set 3.

As to the dichroism of the 603 cm~! band

we shall report later.

situated nearer than in polyvinyl chloride.
The CH stretching frequency of this compound
appears only at 2990cm~! in infrared spectra
and at 2989 cm~! in Raman spectra®,

2) Krimm and Liang! assigned the A, and
B; CH bending modes to the bands at 1330
cem~! and 1250cm~', respectively, However,
because of the weak interaction between the
two CH bonds such great splitting can not be
expected. This expectation is confirmed clearly
by our calculation. The calculated Jacobian
shows that both of these frequencies depend
similarly on the force constants H(H-C-Cl),
H(H-C-C)cuci, F(H:--Cl), F(H:-C)cuci, and
kcucl, and it is impossible to separate them.
The corresponding frequencies are found in
1, 1, 2, 2-tetrachloroethane at 1304cm~! (A,)
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TaBLE VI. CALCULATED AND OBSERVED FREQUENCIES OF DEUTERATED POLYVINYL
CHLORIDE (in cm~™1) AND ASSIGNMENTS
Calcd. )
e Obs.© Assignment

12 3b

2120 ol 228 m g CD str. (A;, By)

2164 2 2159 vw ¢ CD; antisym. str. (Bi, By

2095 2090 2122 vw ¢ CD; sym. str. (A;)

1218 1225 1273 w o CC str.+CD: bend. (A;)

1254 1261 1251 m = CC str.+CD; wag. (Bs)

1170 1189 1112 s o CC str.+CD; wag. (B,)
1091 sh?

1024 1028 1041 sh ¢ CD bend.+CC str. (B;)

998 986 1017 vs o CD: bend.+CD bend. (A;)
958 sh ¢

938 930 937 s n? CD; wag.+CD bend. (B:)

909 905 904 sh = ? CD:; rock. +CD; wag. (B,)

844 858 886 vw ? CD bend.+CD; bend. (A,)
836 w n?

806 807 806 w =« CD bend.+CD; wag.+CD; rock. (B;z)

820 822} 87 s o {CD bend.+-CD; rock.+-CCl str. (Bi)

805 771 CD; twist.+CCl str. (A;)

685 672 680 vw « CD:; rock. (B:)
628 m ¢

591 574 594 m ¢ CCl str.+CD; twist. (A;)
5713 w o

586 575 568 m o CCl1 str.+CD; rock. (B,)

374 391 CCC def. (B))

330 322 CCI bend. (A,)

279 272 CCl bend. (B:)

260 260 CCl bend. (By)

a Calculated from the force constants, Set 1.
b Calculated from the force constants, Set 3.

¢ See Ref. 2.

and 1308 cm~? (Bg) for the trans from, and at
1280 cm~! (A) and 1243cm~! (B) for the gauche
form. Even in the gauche form the splitting
does not exceed 40cm~!. So, at first it seemed
reasonable to assign the 1250cm~! band to
both A, and B; CH bending modes and the
1330 cm~! band to the CH; wagging mode (B,).
On the other hand the change of the dichroism
observed for PVC films of varying degrees of
stretching (which will be reported later) shows
that the 1330 and 1250cm™! bands should
belong to A, and B, species, respectively. This
fact can be understood if we assume that
strong coupling takes place between one of the
CH bending modes and the CH, wagging or
twisting mode, and the large splitting of fre-
quencies occurs, though it is inconsistent with
the results of our calculation. This deviation
may be due to the incompleteness of the force
constants given in Table IV. Ambiguity is
still remaining as to this point; our final as-
signments are shown in Table V.

3) The bands at 1228, 963 and 833cm™!
are assigned to CH bending (B:), CH: rocking
(B:), and CH, rocking (B.) frequencies, re-
spectively, according to the results of the cal-
culation. The 1228 cm~! band was assigned by
Krimm et al.”? to the overtone of the 615
cm~! band. However, this band remains de-
finitely in the spectrum of the highly syndyo-
tactic polymer for which the 615cm~! band is
observed as a shoulder of the 603cm~' band.
Kawasaki et al.®> suggested that the very weak
band found at 1243cm™! may be assignable to
the overtone of the 615cm~! band.

4) The bands at 2820, 1197, 693 and 615
cm™! are not assigned. The 693cm~! band is
associated with the atactic structure and the
615cm~! band with the syndyotactic structure,
which is not in the ordered configuration,

7y S. Krimm, A. R. Berens, V. L. Folt and JI. J.
Shipman, Chem. & Ind., 1958, 1512.

8) A. Kawasaki et al.,, Abstr. of Symposium on the In-
frared and Raman Spectroscopy (Tokyo), p. 41 (1959).
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because they can not be observed for the
sample prepared by radiation-induced polymeri-
zation of a urea-vinyl chloride complex™®~11,
The band at 1197cm~! seems to behave analo-
gously, but in a less distinct manner.

5) The band at 926cm™! is only tentatively
assigned to the CH, twisting frequency. It is
known that for some vibrational modes, such
as CH; rocking vibrations in ethane and CH.
twisting vibrations in 1,2-dichloroethane, the
calculated frequencies deviate considerably from
the observed®'?~'¥, Therefore, it may be
undesirable to assign the 926cm~! band to
the CH: twisting mode simply because it
corresponds to the calculated value of 977 cm~1.
More detailed investigation of the intra-
molecular potential field seems to be necessary
to settle this problem.

Deuterated Polyvinyl Chloride.—1) The in-
frared spectrum of deuterated PVC was reported
by Enomoto et al.®»> Compared with the
spectrum of normal PVC, it is quite com-
plicated and hard to analyze, as many bands
are found in the 800cm~! to 1300cm™!
region. From the results of the present cal-
culation and the observed dichroism tentative
assignments are proposed for the main bands.
The calculated potential energy distribution
and L-matrix indicate that a strong coupling
of two or more modes occurs for most bands
of deuterated PVC. For example, for the cal-
culated 858cm~! (A,) vibration, in-phase
coupling of the CD; and CD bending modes
occurs while in the case of the calculated 986
cm~! (A;) vibration, out-of-phase coupling
occurs. This is shown in Fig. 2. The in-phase
mode is expected to be weak in intensity, and
it probably corresponds to the very weak band
at 886cm~1. The intensity of the out-of-phase
mode is strong and it undoubtedly corresponds
to the very strong band at 1017cm~'. A
similar situation is found for the calculated
807cm~! (B:) and 930cm~! (B.) vibrations
(see Fig. 3). The 930cm™! mode is expected
to be strong and corresponds to the strong
parallel band at 937cm~!, and the 807cm~?!
mode is weak and corresponds to the weak
band at 806cm™*.

2) The bands at 594cm~* and 568 cm™! are
assigned to the CCI stretching frequencies (A:
and B,). These bands correspond to those at

9) T. Shimanouchi, S. Tsuchiya and S. Mizushima, J.
Chem. Phys., 30 1365 (1959).

10) T. Shimanouchi, §. Tsuchiya and S§. Mizushima,
The High Polymer (Kobunshi), 8, 202 (1959).

11) S. Krimm, A. R. Berens, V. L. Folt, and J. J.
Shipman, Chem. & Ind., 1959, 433.

12) 1. NMakagawa and S. Mizushima, J. Chem. Phys., 21,
2195 (1953).

13) 1. Nakagawa, J. Chem. Soc. Japan, Pure Chem. Sec.
(Nippon Kagaku Zasshi), 74, 848 (1953).

14) 1. Nakagawa, ibid., 77, 1030 (1956).
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5

858 cm !

K

986 cm—!

Fig. 2. Vibrational modes of 858 cm~! and
986 cm~1L.

XX

807cm~1

KX

930 cm—!

Eig. 3. Vibrational modes of 807 cm~! and
930 cm™t.

635cm~! and 603 cm™!, respectively, of normal
PVC. Asahina and Enomoto!® showed that
the 628cm~! band disappears in the sample
obtained by irradiation-induced polymerization
of a urea-vinyl chloride-d; complex. Therefore,
this band is the contribution of the atactic
structure and corresponds to the 690 cm~! band
of normal PVC. The deuterated PVC prepared
by Enomoto et al. was kindly made available
to us. We measured the spectrum of this
sample using a grating spectrometer (Perkin-
Elmer Model 112G) and found a new band at
about 573cm™!, which probably corresponds to
the 615cm~! band of normal PVC. All four
bands of deuterated PVC are perpendicular.
As stated above the observed infrared ab-
sorption bands, including their dichroism, can

15) M. Asahina and S. Enomoto, ibid., 81, 1374 (1960).
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be satisfactorily accounted for on the basis of
the calculation of normal vibrations. This
gives a further confirmation of the syndyotactic
configuration for the crystalline part of poly-
vinyl chloride. The remaining important pro-
blem is to study the potential field more
thoroughly, and for this purpose the compara-
tive investigation of other polymers and related
compounds will be indispensable.

365

We wish to thank Professor H. Takahashi
for making available the PC-1 computer.
Thanks are also due to Dr. K. Nambu and Mr.
S. Enomoto, who kindly gave us various samples
of polyvinyl chloride.

Department of Chemistry
Faculty of Science
The University of Tokyo
Hongo, Tokyo




