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SMR/206~ 3 At varjance with chemical substances of low molecular mass.
the description of the chemical structure of a polymer has a
statistical character.
For the presentation of clear conce ts, we have t "esort t
“SCHOOL ON POLYMER PHYSICS™ P pes ve to resort to
27 April - 15 May 1987 : ideslizwd detinitions. Real polymers, howsve: ., deviate more

or less from ideality on the molecular A%t well as on the bulk
lavels. Therefore, the definitions that we ar® going to give
may be applied as well to the predominating structural

features of real polymer molecules.

"CONSTITUTION, CONPIGURATION AND CONFORMATION OF In a molecule,the constitutiun specifTies which atoms are

MACROMOLECULES"

bound to each other, and with what type of bonds, without
specifies the spacial disposition of the bonds, for a given
constitution, without taking into account tha multiplicity of
spacial dispositions that may arise through rotation arcund
‘singln bonds. The spacial dispositions, arising from the
specification of the angles of rotation around single bonds,
represent possible conformatigns.

According to T.U.P.A.C, definitions, a gelymer is & substance

composed of molecules characterized by the multiple

repetition of one or more species of a OMms or group of atoms
Professor P. CORRADINI bl T more sp of atoms or group
Universitd di Napoli ;
1] } linked h oth in amounts
Naples, Italy fconstitutions] units nked to eac wr in it
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suffigl.nt to provide & set of properties that do not varwy
markadly with the addition or ramoval of one ov & Taw of he
constitutional unjits.
In coarrespondence to the same elenental composition, it is
possible to have many diffearent polymeric materiaiss which
differ in constitution and/or in configuration, henceforth in
proparties.
To the composition CrHEN correspond polymeric mate jials so
different in physical properties as the low and high dentity
polyethylenes, the crystalline and the amorphous
polypropylenss,; the rubbery sthylene-propylene topolymers,
the polyisobutyleane, the crystalline poy-«-methylpentenss
they give rise to plastic materials, fibers, rubber; soas of
the materials have melting points below 0*C, or above 200°'C}
some of them are always amorphous.
We say that a polymer is a regula: polywer if its molecules
can be described by Dnl* one species of constitutional umt
in & single swquential arrangement.
In polyethylens such gonstjtutional repeating uniz (CRUY s

wa CHP ==
For the polymers of propylens normally produced the
canstitutional repeating unit is:

== CH == CHE =--

CH3

Two regular macromoleculss CnHEn with the structures above
and the same and large n would be gonstjtutjonal 1sgwers; in

fact, the two molecules would have the same composition a-d
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molecular mass, but different constitution.

The ethylene-propylene copolymars normally produced are
irregular polymers, since their molecules cannot be descr ibed
by only one species of canstitutional unit, in a single
sequential arrangement.

The molecules of such polymers a e characterized, from the
structural view point, by the multiple repetition, not in a

tingle sequential arrangament, of two species uf

constitutional units:

-~ CHE -- and = CH =~
ba
The constitution may be characterized by the knowledge (ang
hence by the specification) of the frequency of occurrence of
various types of possible regular sequences of constitutional
units (by N.M.R. and/or 1.R. methods), for instance:
(== CHEB ~=)n , n = 2,3,4,%,... or
== EH =~{-CH2 =~ CH -im = , m = 13243,...
b v
The sequence (=~ CH(CH3) —=Jn with n>E8 in the ethylene-
propylene copolymers has frequency of occurrence zZero.
In any case, even for perfectly ragular polymers, the
constitution of the molecules must be described statistically
ak far as the molecular masses Are concerned,
For the molecular mass®s, physical methods are available,

which allow us to determine the maan value in number (Mn) or

the mean value in weight (Mwl, or other types of mean values

of tha molecular mass.
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A more complete characterization may be obtained only from
(for instance, through the meéthods of gel permeation
chromatography!}.

In real cases,; even for a polymes which is substantially

regular, such as polyethylene, any given macromolecule is not

the order of magnitude of a few percent may be present) long
branches are present in a small rumber for each
macromolecule, but their higher or lower concentration may
have important effects -coeteris paribus— on the rheclogical
properties of the polymer.

In vinyl! polymers, the enchainment of the monomeric units is
prevailingly, but not completely. of tha head-to-tail type.

More complex, obviously, from the constitutional wview point.

constitutional units, that has at lesst one constitutional or
configurational feature not present in the adjacent portions.
A block polymer is & polymer whose molecules consist of
blocks connected linearly. The blocks are connected directly
or through & constitutional unit that is not part of the
blocks.

A graft polymer is a polymer whose molecules have one or more

species of block connected to the main chain as side chains,
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these side chains having constitutional or configurational
features differant from the constitutional units compr j&sing
the main chain, exclusive of Junction points.
For example, if A and B are:
== CH == CHE +~= (A) and -~ CH == CHZ2 -- (B}
CC2CH3 C&HS
a molecule of block polymer could be:
Ak -= Bl ~- Am -- Bp
#»hile a molecule of graft polymer could be:
“es=m A== A = A e A e Qe ff = f - A —

-
I I
Bm Bpn

A polymer may be reqgular from the constitutional point of
siew; however, it may show configurational isomerism.

The configuration of a carbon atom bound to four substituents
-% teirahedral; the configuration of a carbon atom bound to

shree substituents is trigonal planar. Problems of

whenewer ,» along a chain, we have double bonds or when we

tave, in the constitutional units, tetrahedral carbon atoms

tound to two different substituents, i.e.:

H CHI CH3 H
\7 \/
cC = cC
=y 7 N t#) (3} 7 N (=)
The bonds indicated {(+} and (-) are in the plane of the paper
sheet| the bond indicated ”il above (the chemical symbols
ares correspondingly, in bold character), while the bond

indicated \ is below the plane of the sheet; the signs
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indicate that the two bonds are enantiotupic: givan two
"test"” substituents A and B, we have enantiomers if A is
bonded in (+) and B in (-} or if A is bonded to (-) and 3 in
{+).

In a polypropylenic chain, whose constitution is specifiad as
follows:

e s 2s==~CHE=~CH(CHA) ——CH2—-CH{(CH3)=~CHB==CH{(CHI)~~. ..

the two local configurations:

N /CHE\ C -
C
/N I S

H CH3 H CH3

(mesp diad, m)

CH2
\./ \c/
/N A

H CH3 CH3 H

and

(racemic diad, r)

are not gquivalent, as in the classic case of racemic and
meso tartaric acids.

Stereoregular vinyl polymers can be defined in terms of
regular sequences of diadsi thus an isptactic vinyl poliymer
consists entirely of m diadsy i.@., it corresponds ta the
succession of relative configurations:

e MMMy MMM MMMy .. .9 Whereas a syndiotactic vinyl

Polymer consists entirely of r diads, corresponding to the

BEOUENCEST .. T sl s T sl s T3l s s v s

It is interesting to note that the assertion t-at a diad is m

or r is indepe&ndent of the internal rotations around C--C

bonds, which are possible, but do not change the intrins.c
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(+) or (~) character of the bonds.

Physical methodse (N.M.R.) are avajlable to give the
statistical distribution of configurational sequences: triads
(mm ®mr=cmror), tetrads (i.e., mm m or reMm=anmr,
and 0 on...), pantads, and %0 O,

The physical properties vary with the distribution of
configurations.

In vinyl polymers, the degree of isotacticity is Strictly
connected with the crystallinity. The higher the
crystallinity, the more the polymer is isotactic. A palyme)
is highly isotactic when the percentage of isotactic diads is
highar than 9%%,

Doyble bonds along the chain of a polymer constitute anothesr
scurce of sterecisomerism, since they constrain the two
atoms, which @r® partners of the double bond, and the four
atoms bonded to them by €ingle bonds to be in a plane, In

respect to the polymeric chain, it i® possible to have a cis

H H H Co=—
\ /! \
cis C==l ; trans Caal .
V4 \
_-c c__ "-C H

Thus, we may have two sterworegular paybutadienes, with 1-4

Finally, the properties of polymers, in soclution and in the
bulk, are connected to the conformations taken by the

For the various conetitutions and cenfigurations of the
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macromolecules, many different dispositions in space of the
atoms may occur for each single chain through rotations about
single bonds.The theoretical study of the macromolecular
conformations is performed with the methods of atatistical
thermodynamics for the amorphous and solution states; in the
crystalline state the conformations of unite succeed sach
other regularly along each chain:, correspondingly to mianima

of internal energy.
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APPENDIX TO LECTURE NOTES OF PROF. CDRRADINI

A b
coo

¢D

asic computer Program for calculating cartesian
rdinates from internai coordinates (Dunitz)

1M A(B,100),0(2,100)

10 PRINT

1=D
F=.0174533

30 FOR S=1 10 7
35 LET A(S,0)=0
40 NEXT S

45 £(D,0)=]

S0 A(u,0)=1

S5 A(B,0)=1

60 ©(0,0)=0

63 Q(1,0)=0

70 ©12,0)=0

PRINT “Atomo vicino*

73 LPRINT "Atomo vicino®;

INPUT N:LPRINT N

IF N=999 G0OTO 299

INPUT W,T,RILPRINT W,T,R

1F 1=0 GOTO 251

IF 1>2 GDTO 140

1IF 1<2 6070 1280

T=0

M=1

GOTO 155

HW=0

T=180-T

n=0

6CTD 15%

M=N-1 iy
N=#

BO=-COS(WeF)

BI=-SIN{W*f)

BS=-SIN(T*F)

BO=COS(T#F )

B3=-E1#BA

B4=B0OsBS

8o6<B1%BS

B7=-BOx*BS

B2=0

AED 1) =At0,MI%BO+AL], M) BI+ALR, M) #Bs
AUL, 1 1=AL0,MI*BI+A(1 M) #BL+A (2, M) BT
A2, 1)=AL0,MI*BE+A (] ,M)#BS+A(Z,M) *EB
A(3,1)1=A(3,MI*BO+A(4 M) *BI+ALS, M) »Bs
Alu, 1)=AL3,MI#B1+AL4, M) #B4+A(S, M) #B7
ALS, 11=A(3,M)%BE+A(4 , M) #BS+A (S, M) +B8
Alo,T}=A(L,M)*BO+A(7, M) €BI+A(B, M) #Bs
AL, 1)=A(6,M)#B1+A(7,M)*B4+A(8,M) *B7
ALB, 1)=At6,M)#BE+A(7,M) *BS+A(B, M) «B8
(0, I)=0t0,MI+A(0, 11 &R
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295
260
24l
2462
265
F={-1-]
270
275
299
300

FC1,1)=R¢(1,M)+A(3, 1 )+R
Qi2,1=Q{2,M)+AlL, ]} #R

PRINT

LET 11=1+1

LPRINT I1,Q(0,1},Q@¢1,1},Q<¢(2,1)

PRINT [1,0t0,1),0(1,1),Q(2,1)

LET 1 =1+1

GOTO 74

PRINT

LPRINT “ batti | se vuoi cominciare un'altra

conformazione”

310
3ls
320

A basic computer program for calculating inte atomic

INPUT 2
1IF Z=] GOTO 10
END

distances and angles and torsion angles from crystal
coordinates (Dunitz)

4 PRINT
S5 LPRINT "geometria molecolare”
& PRINT “geometria molecolare”

DIM X{AD) YLD}, 2{&0)
LPRINT "Asb,c,alfa,beta,gamma"
PRINT "A,b,c,alfa,beta,gamma”
INPUT Al ,A2,A3,W]  W2,W3
P=3.1415%9/180
LPRINT A13;AZ;A3 W1 jW23W3
Cl= COS (W1+P)
C2= COS (We«P)
C3= COS (W3«P)
S3= SIN {(WIAP)
Mb&= (C1-C3+C2) /53
=50R (1-C1#C1-Ca#C2-C3eCI+24C14C24L3)
M9 =V/G3
PRINT "i,xtidsyt1)y2zi{i),i=0 per 1’ultimo atomc"
INPUT I, %(1), Y(1), 2(1)
LPRINT 13 X(1)3 YiI)y 241D
IF I=0 GOTO 75
U=A1#X11)+A24Y (1 1%C3+AIRZ( 1) wC2
VesA2aY (] ) #53+A3e2(] )aMb
W=A3#2(])eM9
X{1)=0
¥Y{I)=vy
Z0Lr=W
GOTD 4a
PRINY "lunghezza legame: §),i2,0,0"
PRINT “angalo di legame: il,i2,i3,0"
PRINT “angolo di torsione: i1,12,13,i4"
LPRINT “lunghez2a legame: il,i2,0,0"
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79 LPRINT "angolo di legame: i1,i2,i3,0"
BO LPRINT "angolo di torsicne: 11,i2,i3,10"
85 INPUT T1, T2, T3, T4

B6 LPRINT Tij T2y T3; Tq

100
105
110
115
120
121
12%
133
135
140
143
150
155
156
160
165
170
173
176
177
i8o
1685
190
195
200
205
210
2195
220
225
230
231
232
&30
252
254
254
238
260
265
a70
a73
280
281
284
290
e92
299
300
301

E11)=X(T2)-X(T1)

Ei2)=Y(T2)-Y(T1)

E(3I=2(T2)=2(T1)

F=1
DI=SDH(Ell)iE¢l)*E(E)lE(E)*E(BDGE(3))
D=D1

GOSUR 385

IF T3=0 GOTO 499

Etd)= X(TI)-x(12)

E(S)i= Y(TI)-v(12)

E(b)=2(TH)-Z(TE)

Fag
DE=SQR(E(Q)iE(ﬁl+E(5)!E(5)+E(&)GEIﬁ))
D=Dg

GOSuUB 325
C4=—tE(l)IE(4)+E¢E)lE(5)+E(31*E(6)l

S4=S5GR (1 —-Cu#Ca)
A4BATN (S4/Ca) /P

IF A4 >0 GOTO 180
AY=A4+180

IF Tu=0 GOTD 497

E{7)=X({T4)=%¢(TA)

E(B)=Y(T4)-¥Y(TI)

E{(®)=2(T&4)~Z(TI)

F=7
DB=SDR(E(7}|E(7)+E(B)ﬁE(G)+E(9)&E(9))
P=D3

60SUB 325
C5=—(E(ﬁ)lEt7l+E(5)‘ElB)+E(b)IE(?))

S5=S0R (1 -C5«CS)

AS=ATN (55/C5) /P

IF A% >0 GDTO 250

A%S=AS+180
UI=(E(21#E(&)=E(3)*E(S) )
U2={E(3I#E(4)-EC1)#E{&) )
U3=(E(1)E(S)-E{2)%E(G) )
VI=(ECSI®E(F)-E(LIE(B) )
VE=(E(LI4E(7)~E(G)*E(T))

V3= (E(4)SE(EI-E(S)#E(7) )
Com(UL*VI+URAVE+U3ev) / (54455)
S6=(E(1)1#VI+E(@) sVR+E(3)#V3) / (54 455)
A4 =ATN(S&/CE) /P

IF A&>0 GOTD 290

IF 56<0 GOTD 300 -
60TO 300 "<232' Ab = A6 +180
IF C&>0 GOTO 300

AbL=AL-1B0

PRINT

LPRINT “t("T1;T23Ta5Tug") ="As
LERINT "w("T23T3;T4;") ="AS
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302
303
304
305
306
328
327
aze
aMn

456
497
498
499
500
501

502
510
s12
s19

LPRINT "d(*T3;Ta3") ="D3
PRINT "t("T1;T2;¥3;3Ta;") ="As
PRINT “w{"TE3T33T4}") £"AY
PRINT "d("T3:T4y") ="D3

GOTO 497

FOR J=F TO F+2

E(I'=E(T)}/D

NEXT J

RETURN

PRINT

LPRINT "w("T13T2;T3;") ="n4

LPRINT “d("T2}T3;") ="D2

LPRINT “d("T13T@;") ="DI
PRINT "wi"T13T2;T3;") ="A4
PRINT “d("T2;T3;%) ="D2
PRINI “d("T13T2;") ="DI

PRINT

GOTD B5

END

1000 INPUT A,B,C,D,E,F
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PRESENT STATUS OF THE CONFIGURATIONAL AND CONFORMATIO-
NAL ANALYSIS OF STEREOREGULAR POLYMERS

P.Corradini,G.Guerra,B.Pirozzi

Istituto Chimico dell'Universitd di Napoli,
Via Mezzocannone 4, B0O134 Napoli, Italy

CONSTITUTIONAL AND CONFIGURATIONAL ISOMERISM IN MACRO-
MOLECULES (1) ‘

In a molecule the constitution specifies which at-
oms are bonded to each other and with what kind of bon-
ds, without considering their spatial dispositions; the
configuration specifies the spatial disposition of the
bonds, for an sssigned constitution, without taking in-
to sccount the molteplicities of the spatial dispositi-
ons, that may arise by rotastion around single bonds.

The spatial dispositions which arise from the specifi-
cation of the internal rotation angles around single bo-
nds represent possible conformations.

Trom any single monomer, different constitutionsl u-
nits may arise during the polimerization. Consider, for
instance, the monomer isoprene; even in the case of a
regular enchainment, the monomeric units may join the
groving chein according to the three different consti-
tuticns which are indicated:

CH CH

3 |3
—CH, - C=CH—CH,— —cnz—clz—
cH
i
cH,
1,4 1,2
k13

R W Lewz pnd F. M{&),Wﬂh@aﬂhofswm. 1-3s:.

© Coppeight © 1979 by D_ Reidel Publishing Compeny.
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—CH,_ —CH—

C—CH, (1)

Consider now the 1,4 regular enchainment. Yet, a fe-
gular polymer having this constitution may have st:ill

two different configurations for the double bond alorg
the chain:

CH3 H chain H
\ 7/ ~ /
Cr=el Comme (2)
7 \ 7’ ~
chain chain CH3 chain

cie-configuration trans-configuration
If a1l the units along the chain are trans or if all the
units along the chain are cis, the polymer is called ta- !
ctic: in the first case trans-tactic, in the second ca- i
se cis-tactic. It may be noted that, in the case of 1,4 |
polyisoprene, these two possibilities correspond to gut-
tapercha and natursl rubber respectively; tactic poly-
mers of isoprene are naturally occurring polymers.

From the previcus example we have seen that a pro-
blem of configurational isomerism arises whenever we ha-
ve & double bond along the chain. Another cese in which
a problem of configurational isomerism arises is the ca-
se in which we have along the chain & carbon atom which
is further bonded to two different groups, S and L. Here
ars represented the twvo possible cases which WAy ariss
for two successive constitutionally aquivalent carbon a-
toms —C(S)(L)- along the chain, that have a simmetrical~
ly constituted connecting group{if any):

? $ s L .

et e (3)
Lo I T
diad n disd »

This representstion of the space disposition of boncs,
around these carbon atoms, is a modified Fisher projec-

Ry mem ma oam wmanle

My
ANALY$IS OF STEREOREGULAR POLYMERS

tom are seen a3 &
the bonds at each carbon a .
:i:?;c:g::.of a tetrahedral u'l'angem;u:il .zb:t::ezhe.n:
P in the direction o e .
:::tiﬁzlhzzzgznle bonds go in the direction away from

the observer:

O

(&)

CHp=>—

g in tetrahedral stercoi::m:;
ich comprise two, ree,
i at both ends, and vhic N
;lcrc.:zzzletc. consecutive centres of :h:t tyz:;P::Zi_e
n?léd disds, triads, tetrads, pentads, ehc‘ai.d et -
C.I As indicated in the formulas (1), the iadm iy e’
b ,; as thst with identical substituents on he wame o
flnf espect to the backbone in Fisher pro;ec.:u.;t. ¢
:; ;nrriupdetined as that with id-nti;llk;ubztxin nre e
. i ackbone,
i i espect to the
the opposite sides in r
j i : s 1] t'_
e P::i.::zgzitinns in polymers refer to 1d?a1 ax;?;-:r
so an "ideal"” isotactic vinyl poly?e: ?l : Eideal"
on.;cterized by & succession of allm dl.h!'h.is ideal”
syndiotactic vinyd polymer is e polymer which 1 ChRCL
i succession of all .
t:r::;:e::i:nl. the isotactic polymer of propylene can
]

be indicated:

Stereosequences terminatin

CH

CH3 R ?H3 T | 3 - .
l ém——c C C—m= (Fisher projection)
T N
H 8 H BH H

(5)
H CHy H CHy H CH

L} Y )
' ‘ (reference to s zig-zag
\\\\\ \\\\\ \\‘\ planar conformation)
I I
/ /
H H H H
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while the syndiotactic polymer will be indjicated:

CH, K H H CH
3

T O T

i T I r T-—- (Fisher projection)

H H (.3|l3 H H
My H (6)
‘I
)

(reference to a zig-zag
plaoar conformation)

The first definition of an isotactie Polymer was made wi-
th reference to a zig-zag planar conformation. Take, ho-
wever, the case of polyethylidene; the isotactiec poliy-

mer will be represented, in the modifi 3
follows: * modified projection, as

c

M §

C C—C C— (N
A N |

B H H A

:yile the syndiotactic polymer in the same representa-
i0on:

H

|

T*“ (8)
C

Note that, if you represent the chain in it
s zig- -
naxy conformation, the result will be: iezes ple

o,

isotactic polymer

atgwmﬁumuqﬁmMulnw-N:wmuMhﬂuﬂh*ﬂmﬁﬁnﬂiuqﬂnqiln-v-mmungi‘--m

e b A e i e s e

L

ANALYEIS OF STEREOREGULAR POLYMERS | m

P NN o

syndiotactic polymer

where the successive methyl groups are on opposite si-
des, in respect to the plane of the zig-zag, in the iso-
tactic polymer, and on the same side in the syndiotactic
polymer; instead opposite conclusions, for analogue re-
presentations, are reached in the case of isotactic and
syndiotactic polypropylene.

Consider,now, the case of polypentadiene, in the 1,4
enchainment!

. ¥ o W .
-—--—CH(CII3) CH CH ““2_ (10)

and suppose that only one of the two sites of stereoiso-
merisw # , in esch constitutional unit in one sequence,
has defined stereochemistry. We can have the isotactic
polymer:

CH 3 CH 3
C—CH=weCH—CH 2—-(2--—-(:!1—01!—(!112 (11)
H H n

(configuration of the double bond unknown or not defi-
ned)
the syndiotactic polymer:

[ cd H
3
—{—C—CH=~CH—CH ,~—C—CH—CH—CH, (2)
t ]
| K 693 n
the cis-tactic polymer:
~f-CcH{CH,) cH
3\ y 2
ComeC (13)
/ \
| ] H n

e ide A i b ek - S A L § . 2 e

v B

v al BT N et
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(configuration of the tertiary carbon atom unknown or
not defined)
the trans-tactic polymer:

CH(CHa) H
N 7
Com(; (14)
v ~ ]
H cH,—

If both the sites of sterecisomeriam have defined sta-
reochemistry, the polymer is defined stereoregular. So
stereoregular polymerssra:’

3

——C—CH==CH-~CRH 2—C—CH—CII—CII T (15)

L H (transa) H

[ (|:Il3 cH

(tranes) In
isotranstactic

[ CH H

k]

—t—C—CH=~CH—CH ,—C-——CH=~CH—CH , —— (16)

2 2

| R (trans) CH, (trans) In

syndiotranstactic

[ cH CH

k] 3

-—C-—Cll—CIl---Cllz—(i:—Cll—Cll—Cllz—— (17)

H { eis ) | { cie ) n

isocistactic

‘.’:H3 n

|
—4—~C—CHu=CH—CH 2-<l:—ca—cn--cu 1 (18)

caa ( efa ) In

B ( eis )

syndiocistactie

In genersl, according to the IUPAC definicions, & regu-
lar polymer is a polymer which is built up of identical
constitutional umits, which are called constitutional

repeating units. A polymer is called tgetic if st least

A Wy A T AR A AT g o e SO ARSI, B et W ik ARG, St AL TSP LI £ G e

L.

. ™
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one site of stereoisomerism in each constitutional unit
has & regular stereochemistry. A polymer is called, in-
stead, #teresoregular when the molecules can be described
in terms of only one specias of configurational unit,
having defined configuration at sll the sites of stere-
oisomerism in the main chsain, in a single sequentisl ar-
rangement. Thus, a stereoregular polymer is always a ta-
ctic polymer, but s tactic polymer is not alvays stereo-
regular, because & tactic polymer need not have ail ai-
tes of sterscisomerism with defined stereochemistry. The
polymers (11),{(12),(13),(14) ara tactic, the polymers
(5),(6),(7),(8),(15),(16),(17),{18) are both tactic aad
sterecregular,

For the designation of relative configurations insi-
de of » given monomeric unit, with two non-constitutio-
nally equivalent carbon atoms of the main chain, bearing
substituents §,, and sz.l..2 respectively, a further co-
nvention (uhicﬁ i} taken from the chemistry of carbohy-

18 used:
s 5
Il |2 arythro
S P C—
| | relative configuration
Ll LZ
(19)
S L
|1 |2 threo
—C e e Gl
| | relative configuration
L 82

vhere S, ¢ 5, and/or L, ¢ L, and L precedes § sccording
to the buhn. Ingold, arid Prélog rule of precedence.

The possible sterecregular polymers which may arise
from units of the previous kind are, in the case that Sl
(-sz) is a hydrogen atom and Ly=ay¢ L, = b :

A B A B A B

N
—C—C—C—C—C— (20)

erythro-diisctactic



by}
P. CORRADINI, G. GUERRA, AND 8. PIROZZI

LG C e e e (z1)

threo-diisotactiec

A B R H A B
N

R # A B H H
disyndiotactic

it ia possible to get an 4p thro and a

polymers whereas there is ogly one dily::€::|::::°::§;ic
wer. Bus f“ the case, in which the subetituents, A and
B, are joined in a ring it is possible to di-tinguilh
two cases for the disyndiotactic polymer; the first ca-
::el;i::::hpth; r::gl {o:n two stoms on the same side of

rojection (¢t
hro-disyedintaieiey e polymer is then named eryt-

e
A B H H A B

|
—Ic*c—c-c—c_c___ (23)
H

H A B B H
p
erythro-disyndiotactic

the second case in which the rin i

g8 join two atoms i
opposite sides of the Fisher projection (the po;y-e: :Ee
then nawed threo-disyndiotactic):

A B H N A »
/1 INL1/T 1N
——Cr—Cem C— G — = C e (24)

SRS

H A 3 H H

threo~disyndiotactic

A —— it b e s d—
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THEOXETICAL ASPECTS OF CONFORMATIONAL ANALYSIS

Internal coordinates(2)

The space form of the chain of & polymer depends on
bond distances, on bond angles, and on dihedral angles:
parameters which are called internal coordinates; the
pnumbler of internal coordinates necessary to describe a
chailh with n atoms is 3n-6. Fig. 1 shows as in a given
chain bond lengths, bond angles, and internal rotation
anglies are most appropriately designated.

It is important to know which is the appropriate co-
nvention which is used to measure internal rotation an-
gles. Take, for example, three successive bonds L .Lz.
and L, (fig. 2). If you look in the direction of l from
the lide of L,, the dihedral angle is that from which we

have to rotat® the bond L3 in order to sunerpose it to

|M '__.i.".':_’ n
N
; ',\

Fig. 1. Symbols used for: bond lengths, bond sngles, in-
ternal rotstion angles and distance betveen nonbonded a-

tome .
9
L3 48 L L3
-90°
(R]

7]
L3 L3 L3
Lz Lz L
Ly Ly Ly

Fig. 2. Convention used to measure internal rotation an-
gles.

S A T ol Eaie, B Y L P e B el

TN vaeife oma

- - —
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L., describing the smaller angle possible. If the rota-
t}on is in the clockwise direction the angle is positi-
ve, viceversa it is negative; thus possible values of
dihedral angles are included in the range (~180*,180").
It is easy to see that the same result would be obtained
if, always looking in direction of L., but from the si-
de of L., you measure the dihedral afigle from which we
have to rotate L., in order to superpose it to L3 .
Special nl.el and symbols are attributed to”the fol-
lowing internal rotation anglaes:
trans or antipsriplanar (T) for 180°
antielinal (A) for |120°]
gauche or synclinal (G) for |60°|
eie or sympariplanar {C) for 0"
A sign can be appended to the syabol, to indicate whe-
ther the internal rotation angle is plus or sinus, whi-
le a prime may indicate an internsl rotation angle whi-
ch is slightly displaced_from the exact corresponding
value. The notation ¢ , C ; A +» A (and T , T ; €, T wh~
enever the torsion angles are not exactly equal to 180"
and 0%, respectively) sre reserved for the designation
of enantiomorph conformations, i.e. conformations of op-
posite but unspecified sign.

Internsl potential energy(2)

The comprehension of the spatial relationships am-
ong the atoms of & molecule, which is the object of con~
formational analysis, is & universal prerequisite in the
establishement of the connections betveen the graphic
formula snd the propertiss of a substance. The relevan-
€y is mven greater in the case of long chain mglecules
where the phemenomenon of rubber elasticity, tNe hydro-
dynsmic snd thermodynamic properties of the solutions,
the rheology of the melts reflect the caracter of ran-
dom coil of a single macromolecule, whereas many useful
properties of polymers seflect their ability to crystal-
lize.

The intramolecular potantial energy is very impor-
tant in decermining the conformations of the macromole-
cules, both in the crystalline state and in the amorp-
hous or solution state. In turn, the potential energy
may be taken, in general, as a sum of terms of the kind:
stretching, bending, torsion, nonbonded,electroatatic:

E E, v By ¢ E, ¢ LS LI (25)
For small displacements from the minimum energy value,
the stracching energy may be taken as:

LI

-
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2
- - 26
E, § k(b b.) (26)

and an analogous formula may be used for the bending e-
nergy:
2

Eb - | kb(t’t') (27}
where be and 1, are the values of bond distances and an-
gles chosen as energetic minima, and k' and kb constan-
ts depending on the psrticular kind of bonde.”The k va-
lue in formula(26) is such ss to prohibit displacenfnes
of the bond distances from b. greater than a few per ce-
nt. In fact, bond distances as determined from X-ray q:-
ffraction experiments, are generally slmost constant in
going from one molecule to another, if we refer to atoms
in similar electronic environments.

The bending energy parameters, which are used by Fl-
ory(3), in a consistent way with the non bonded parame-
ters, which we shall indicate later on, are reported in
table 1. It is seen that a deviation of 5* from the mi-
nimum energy values does not imply very large energy di-
fferences; such differences are always lower Ehln RT, at
room tewpersture {this is indicated in the third column
of the table). )

Most researchers, performing conformetional analy-
sis, use also & torsion terw, which for single C-C boqdl
not adjacent to & double bond (for instance, ethane) is:

Et = § EJ (1L + cosdp) . (28)
while for single bonds adjacent to a double bond (for

Table 1. Bending energy parsmeters used by Flory.

Bond angle k; (kcal nol-ldeg-z) E (§t=5*)
<CCC 0.044 0.55
<CCH 0.029 0.36
<HCH 0.024 : 0.130
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instence, propylene) is:

Et = } EY (1 - cos3e) {(29)
For his calculations, Flory takes E! = 2.8 kcal/mol and
EY = 1,98 kcal/mol. Take note that the relative positi-
ons of two hydrogen atoms in ethane are tpans and gau-
che for the minimum energy value, while in tha case of
the methyl group of propylene the aminimuam energy rela-
tive positions of the hydrogen atoms of the methyl gro~
up, in respect to the carbon atom joined by a double bo-
nd, are gnticlinal or gie, depending on the minus sign
which appears in the formula(29):

C

The nonbonded energies arise from the interactions
betwecn atoms which are not directly bonded and are ta-
ken to depend only on the distances r {(fig. 1) between

each pair of atows m and n,of species and 4. For the
nonbonded energies twe kinde of functions are generally
used:
d.
E.p " ——%%- - —t Lennard-Jones
mn "
(31)
E ., = a..exp(=b,.» ) «p .Ir6
nb id ] m 3" mm
Buckingham

Some indicative data for contact types given by Flory a-
re indicated in table 2. Similar data given by Scott and
Schersga(4) are indicated in table 3. A tabulation of
the values of the function is given in the table 4.

ANALYSIS OF STEREOREGULAR FOLYMERS | ny

When dipoles are present in the wmolecules (for in-
stance, in the case of CO and NH groups in amides), Sc-
ott and Scheraga(4) include the electrostatic term of
£q.(25), by localizing partial charges on the atoms (ta-
ble S).

Table 2. Nonbonded parameters used by Plory,

. -3
Interacting diJ 10 'ij roin
air _ _
P (kesl mol”! llz) {kcal mol IAG) (1)
c,C 398 366 3.6
c,H 57 128 3.1
H,H 7.3 47 2.6

Table 3. Nonbonded parameters used by Scott and Scheraga

-3
Interafting dij 10 'ij Tnin
pair (kcal mol-lllz) (kcal nol-lle) h)
c,c 286 370 3.4
c,H 38 128 2.9
M 4,46 46,7 2.4




330 P. CORRADINI, G. GUERRA, AND B. PIROZZ

Table 4. Values of the Lennard-Jones functions for dif-
ferent values of diltlnctl_?etw-nu the stoms. The ener-
gies are given in kcal mol ~.

with Flory parameters

Pm(l) E(C.C) E(C.H) E(ll.ll)
1.6 - - 23.1
1.8 333.28 45,51 4.93
2.0 $1.45 11.92 1.05
2.2 27.73 i.n 0.15
2.4 8.98 0.89 -0.05
2.6 2.99 0.18 -0.08
2.8 0.95 =0.02 -0.07
3.0 0.25 -0.07 -0.05
3.2 0.00 ~0.07 -0.04
3.4 ~0.07 -0.06 -0.03
3.6 ~-0.08 ~-0.05 -0.02
3.8 ~-0.08 ~0.04 -0.01

with Scott and Scheraga parameters

rm"(l) E(C,C) E(C,H) E(H. H)
1.6 - - 13,06
1.8 236.135 29.08 2,48
2.0 64,04 7.28 0.136
2.2 18.98 1.83 -0.06
2.4 5.90 0.37 -0.12
2.6 1.80 -0.02 -0.10
2.8 0.46 -0.10 -0.08
3.0 ¢.03 -0.10 -0.05
3.2 ~0.10 -0.09% -0.04
3.4 -0.12 0,07 -0.03
3.6 ~0.11 -0.05 -0.02
3.8 -0.09 -0.04 -0.02

Table 5. Partial charges on the atoms of amide group us~
ed by Scott and Scheraga.

Atom Charge(in units of @)
H +0.272
N -0.305
C +0.449
o - =0.416
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Calculation of distances between the atoms(5)

The calculation of the potential energy of a dispo-
gition of atoms is possible if we know the coordinates
of the atoms in a cartesian system in order to get all
the distances between the atoms, which are essential in
the calceulation of the nonbonded enexrgy terms, One pos-
sible way to get the relevant cartesian coordinates of
s molecule, as a function of its internsl coordinates,
is now indicated.

As specified before, the space form of a molecule
depends on 3In-6 internal coordinates. Take as an exam-
ple a succession of five atoms, as indicated in fig.3.
In this case the internal coordinstes, which characte-
rize the space form of such chain, correspond to four
bond distances (b, bJ’ b,s bc), three bond angles {tz.
Ty 1&). two dihesrll lngiet 04, e“).

We can put the first atom 1 at the origin of the ca-
rtesian system, the next atom 2 wmay he disposed with the
b, bond in the direction of the x~coordinate, and it is
a{lo possible to fix the atom 3 in the g~y plane. The
coordinates of the first atom will be indicated as a co-
lusn vector as follows:

:l 0
¥ - o
5y 0
10 y‘*
by 0;35
¥2 7 l
20) by - (0 4
).%3 A,
9, 3 9
X

Fig. 3.A succession of five atoms in the cartesian ays-
tem described in the text.
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The coordinates of the second atom are indicated as:
=, bz

¥, -

.lz 0

‘he coordinates of the third atom may be obtained by su-~
mation of two vectors:

z4 -cost, -lintz 0 b z

3 2
by | = sint, ~cost, 0 o | + ¥y -
xq o o |} 0 ’2
-b3c0312 + b2
= bacin'r2
o

n order to get the coordinates of the atom &, we have
© sum the vector {x,, » %.) to a vector vhose coor-
inates depend on thg inéern 1 rotation angle . and on
1¢ bond angle Tyr 0 that we obtain: 3

1 - -
z, 0 0 cnlBJ linO3 ]
¥, - A; 0 cost, -sint3 -inea -c0193 0 x
z, 0 unt3 con3 0 0 1
b& x,
x o + 33
0 13
lere:
-cosrz -tintz 0
5; - lin12 ~cont, 0
[4) 0 1
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In the same way the coordinates of the atom § are obta-
ined as follows:

z; b5 z,
- aT 470 18
A B B N B I
2y 0 2,
where:

| 1 0 0 -colej ~sinej o
f}?o =1 0 tOITj -sintj linﬂj -cosej 0
0 sintj costj 0 0o 1

For the general case of a chain of J atoms we get the
formula (which can easily programmed for computer cal-
culation):

: T ,1,0 1,0
Ty t A Ay AL By e as (32)
where
xj bj
fj = ”J and ?J = 0
K., 0

THE CONFORMATION OF POLYMERIC CHAINS IN THE CRYSTALLINE
STATE

Equivalence principle($)

In a system of plydisperse polymer molecules {(as it
is thu case for synthetic polymers, where the molecules are
never all alike, even in the case of M /M = 1), the ery-
stalline state (which implies threedimins¥onal long ran-
8¢ order) may be conceived only in the approximation of
not taking into account the terminals of the molecules
(that| is considering the molecules of infinite length)
and implies in genersl, with exceptions which will be
cited later on, the repetition of identical units along
the chain axiw.

The fig. & is a representation of the structure of
tellulose, as given for the first time by Meyer(7).
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ple" which can be formulated as follows:
h take geometrically equivalent positions in respect to

n axis. .
As we shall see, such structural units are in gene-

‘:hc chain needs to be built up of structural units, uhi:]
.

-+-ygal & fraction of the repeating units. While & repeating

unit may correspond even to s large number of -ono-eric
wnits (f.i., in helical polymers), the structural unit
corrasponds very often to one monomeric unit, even tho-
ugh this is not necessarily so. For instance in the ca-
se of },4 trane or 1,4 cis polybutadiene, the strgc:ufnl
unit corresponds to one half & monomeric unit, uhxle.:n
the case of polydimethyl-ketene in the ketonic enchain=
ment, the structural unit corresponds to two monomeric
units. A similar occurrence may explain the conflicting
observations on crystalline gels of isotactic polystyre-
ne, which are reported in(9) and we shall discuss in the
above cited lecture.

Line repetition groups{6)

The only simmetry operators vhich have a trfnllltio-
mal component and which are compatible with chain repe-
tition are: - .

t translation ¢ alomg x (chain sxis); . .

o glide-plane {translation {c along z associated wi-
th a mirror on a plane containing z); .

s screw (helical) repetition of ¥ units in N turns
(translation c/M along 3 plus rotation 2aN/M around z).
In the case of the helical repetition_we use the terms:
unit height (h) for the translation |€/M|, unit cwist
{(t) for the rotation 2aN/M, number of residues per turn
{n) for the ratic M/N. )

Other symmetry operators vhich are compatible with
a chain repetition are: r .Zwén rotatjon around the chain
axis; £ , center ot symmetry; m , plane of symmetry per-
pendicular to the chain axis; d , plane of symmetry pa-
rallel to the chain axis; 2 , two-fold rotation perpen-
dicular to the 3 axis.

Some of them are just indicated for theoretical re-
asons. For instance rotations around the chain axil'for
a single chain may be thought of only for very particu<
lar constitutional repeating units and very particular
values of 2w/n. A rotation of 180" may occur if ve have
two chains winding up on the same chain axis, but does
not refer to the conformstion of omne single chain, In
fact, not all the symmetry elements are compatible with
s given constitution snd configuration of & polymer cha~-
in; for instance, whenever the unit has a directional
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e s t elements like 2 and » and £ are ru-
:t:r::: nru'tom’:'i::llryy. The translational symmetry ?l_n'unn
and the further symmetry elements vhich we hlvellndICl-
ted {(excluding r ) may be combined into the chain repe~

titions groups, Undicated in table 6.

Table 6. Possible Chain Repetition Groups.

c(Hlﬁ)l Isotactic polypropylene . e(3/1)1
pltt::ullr c..;.&-trans-polyisoprene. Hod&é} a(1/1)=t1
s(M/N)2 Syndiotactic polypropylene a(2/1)2
particular case
t2 -
tr Nyion 77
td -
te 1l,4=21is-polyisoprene
ti Ethylene-butene~2 isotactic
alternating copolymer
s(2/1)m trans-polypentenamer
e(2/1)d Hylon 6 (planar chain conformation)
tdm - {
tid Nylen 66 (planar chain conformation)
{Eﬁﬁ) Syndiotactic 1,2-polybutadiene
tie ets~1,4-polybutadiene
s(2/1)dm Polymethylene

- Thus, for example, the repetition group of the chain
of isotactic polypropylene (fig. 5), which is a three-
fold helix, may be indicated as #(3/1)1 , where the sym=
bel & indicates the helical repetition, the symbol 13/1
the repetition of three units in one pitch and the fur-
ther symbol 1 indicates that there is no further symme=~
try element but the identity which, according to the
ctrystallographye rules, is indicated with 1. ‘

The symbol for syndiotactic polypropylene may be in-

m
8‘0
O.go
]
[
]
iSotacvic SYNDOTACT I
POLYPROPYLENE POLYPROPILENE

Fig.i5. Different conformstions of polypropylene chains:

isotactic (8(3/1)1 group) and syndiotsctic (£(2/1)2 and
tem gproups).

dicated with s(2/1)2 (fig. 5), \and ihows that neighbou-
ring:struztural units are repeated through the operation
of twofold axes perpendicular to the chain axis and each
pairiof umits is repeated according to a helix contai-
ningitwo pairs in one pitch.

The s¥mbol ti spplies for the isotactic alternate
copellymer of ethylene and butene-2 (fig. 6a); in this
cmse the enly symmetry element together with the tran-
slation is a center of symmetry.

in the case of polymethylene almost all of the sym-
metry elements which have been indicated previously are
present; the appropiate symbol is g(2/1)dnm (fig. 6b) ,
but & center of symmetry and a glide plane are also pre-
s=nt becswse they are generated by combination of the
symmerry ¢lements indicated in the symbol {(the screw a-
xis 2/1 srd the mirror planes d and ).

In the case of ci8-1,4-polybutadiene the symbol is
tie. The center of symmetry and the glide plane are both
imdicated, but these symmetry elements, combined toge-
ther, generate also a twofold axis perpendicular to the
chain axim. .

The chain conformation of the four stereoregular po-
lrmers, which may arise from the polymerization of 1,3
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butadiene, are indicated together with the appropriate
chain repetition groups and the symmetry elements which
are presant in the chain in fig. 7. As said before, both
in the case of 1,4~0fs or l,4~trans polybutadiene che
indipendent structural unit is built up of only half ,
monomeric unit, because of the Syameiry alements which
are present along the chain.

lsotactic polymers get generally a helical structu-
re with & number of monomeric units per pitch which ran-

ges batween 3 and 4 some examples are indicsted in fi-
g. 8.

Some selacted examples of conformational energy calcu-
lations

Now we report the resulcs of a conformational ans-
lysis which vas performed on isotactic and syndiotactic
polypropylene many years ago (more refined calculations
on isotactic polymers Petrformed by us lately, will be
reported in the lecture “The €rystalline structure of
addition polymers. Research problems"”)

8{3/1) $(2/2) sidsy)

“o.

0-= '“'3-"2"5 0=-cuz-cn-(cu3)2 0= -cu-(cuj)z‘::.‘.u5 Oﬂo-r

" Fig. 8. Chain conformations of some isotactic polymers.
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To study the conformations in the crystalline state,
the calculations were performed on the basis of the e-
quivalence principle, by taking into account the possi-
ble varistions of the internal rotstion angles (b?nd an- _
gles snd bond length being kept constant) nnd'naktn; the
sssumption that the structural unit was coincident with
one monometic unit. In such a case, it is sasy to see
that the isotactic polymer must be built by a luccclgion
of units in which & pair of different internal rotation
angles o, and g, is repeated along the chaini whereas
the chaid of thé syndiotactic polymer must be built up by &
succession of the type 0., 8,, 8,, &,, &,, 8,,... Con-
sequently contour plots %r t*c 1%:.:3-1 lncrsy E as a
function of two dihedral angles (90, and 02). are suffi-
cient to establish the confornltiol or conformations of
minimum internal energy.

The fig. 9 shows, for isotactic polypropylene, two
minima that correspond to the chain conformations (‘IG’)J
{left-handed helix) and (0_1)3 {right-handed helix) fo-~
und in the crystalline state.

180° =
51\ @
\Q Z=
Gf 0
”z
> B kcal/mol m_y,
711 3
-"2180' -60 60° 180°

9

Fig. 9. Contour plot of internal energy E, as & function
of two dihedral angles of the backbone for isotactic po-
lypropylene.

RN

et e R -
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The fig. 10 shows, for » i i
i 1 yndiotactic polypropyl
;yree n:nxm? in the cnerpy map, two of whicgpcosro:?zé—
uﬂ?f t:ha r;gh;-handcd helix and g left~handed he]iL
e e thir i ;
vhile corresponding to a trans plenar confor-
I This is in accordance with
| 0 the fact that i -
:xc :?lypropylene is p91ymorphous. In fact, i:y::;Ot::
"o 1f{erent crystalline forms, which differ bec ;
the c:aln conformation {fig. 5) fuse of
This polymorphism is differ;
T nt from the iso-
:;Tz;c gzliﬁrosyiine. which is also polymorp;::: o:u:s?n
: . ¢ different crystalline fo :
reefold helix jg observed; Fraretofys o th-
* . i i or from the case of lyb -
::’loztxch ;l also Polymorphous, but the differ::tyh:;?-
ces erved correspond, hkowever, to the same region of
c:::n:? of :ye conformational energy map. Instead in the
‘ syndiotactic polypropylene, as sh
] * o
tuo different crystalljne forms correlpond“:ob:::;:.c;:f

farmations which ar i i
ciomal emeron o e videly separated in the conforma~

18 0]
o 0,
Ty U
i

02

. > 8 kcalsmo) mu,

, -60
eSSl
' -180
| -18¢° -0 60 180°

¢

P£g+ 16. Contour

plet o
tioq.of the two dibed
tacgic polypropylene.

f internal energy E, as & function
Tal angles of the backbone for syndio-
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THE CONFORMATION OF POLYMERIC CHAINS 1IN SOLUTIOF AND IN
THE MELT(10)

The rotational isomeric model for liquid hydrocarboms

The conformations of the macromolecules, in the ab-
sence of the constraints imposed by neighbouring mole-
cules in an ordered crystalline state, need not de and
are not regular.

The repartition of the bonds of a polymer, for an i-
solated chein with 4, carbon atoms, betwveen differeat co-
nformations may be evaluated by the methods of statisti-
cal machanics. A complication arises because the energy
associated to & given conformational state of bend ; may
not be assumed to depend only on its internal ratation
angle 'io but it depends in general also on the internal
rotation angles of all the neighbouring bonds. “m the
spproximation in which this dependence is restr_cted to
next-neighbour internal rocation angles only and in the
absence of flexible lateral groups, the trestmewt is si-
wplified as follows. A statistical weight can be appen-
ded to bond ;:

up = exp(-[E(9{) E(ei_l. '{)JllT} {33)

where E{9;) represents the intrinsic torsjonsl pecential
of the bond and the nonbonded interactions which depend
exclusively on ®;, while E(®;_., ;) includes the non-
bonded interactions which dcpc*d jointly on the two in-
ternal rotation anglea 0{_ and 9;. The dependence of e-
nergy on 9 is included ln the statistica) we.ght re-
lative to thi bond i*1. The conformational pert.tion fu-
nction is, then, 5ivcn formally by:

z - 2: J-f Ly
conf Py «2
where the summation is taken over all the confo-mations
of the macromolecule.

The problea can be further simplified taking jptoe
account only a discrete number of rotational statres (wh-
ich are chosen in general to be coincident with cenfor-
mational potential energy minima), in the calculation of
the partition function. This is the rotationsl i1semeric
model, first proposed by Volkenstein and principaily de-
velopped by Flory and his school.

Firetly we coneider the application of this medel to
the molecule of n-butane. In fig. 11 the conformatienal
energy as a function of the dihedral angle cl-c.-ca—c‘.
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£ (Kcal/moll}

Eo
EG ‘
Ey
. B a2 s e
-180° 0° 180°

Fig. 11. Conformational energy of n-butans as function
of the dihedral angle Cl-Cz-Ca-C‘.

is represencted (this is & first approximation, in so far
as the possible variation of the bond angles fnd of the to-
rsion angles adjaceant to the methy) groups is not consi-
dared). . .

The shape of the curve may be explained in Ezrnf of
the previous considerations as arising from an intrin-
sic torsional potential and the interaction between the
nonbonded methyl groups.There are three minima of the e-
nergy, corresponding te T,G6_,6_ conformatiocns, the !lst
tvo being energetically equivalent. For the evaluatfon
of the partition function these sre chosen as rotatio-
nal isomeric states, and their statistical weights are:

- exp (-ETIRT) ") = ug = exp (-ECIRT)

L | G, -
taking ET-D the partition function is:

z = 1e2¢ with o = exp l-(EG-ET)IlT}

conf
In the case of n-pentane, in an spproximation simi-
lar to that used in the case of n-butane, the energy may
be evaluated as a function of the two dihedral angles
[} and 8., 1t is important to note that we cannot ne-
iiact thelgnterlctionl be~vwesn nonbonded stoms that de-
pend on both 0 and @ values jointly, In particular,
if the two dihzarul Ini*ll assume the values G, and C_
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(or G_ and G ) in one sequence, the two terminal methyl
group; approach esch other to A distance much s?or:er
than their Van der Waals radivs | the conformational e~
nergy is then widely larger than 2€E_. .

On the basis of the isomeric rofational approxima-
tion, we consider only the conformations generated by
combining, in all possible vays the conformations T,.G_,
¢ which refer to the first dihedral angle ( } vith
the conformations T,G,,G_ which refer to the $2cond ai-
hedral angle. We attribute to each resulting conforma-
tion a statistical weight and represent them with the
table

where the selected conformations for the two successive
bonds are indicated with the relative symbols.

in this table ve made the assumption that, excliuding
the sequences & C_ or G_c*. the interactions that depend
on both dihedral sngles jointly are negligible. The fi-
tst element of the table is, then, 1 because the energy
of a T conformation (and therefore of a TT conformation)
is taken as equal to 2ero; moreover p = exp (-AE/RT) , .
wvhere SE is the energy difference between s gauche and
s trans conformation. With the term u we take into ac-
count the repulsive extra-energy E of G G_ and G_G  co-
nformations (being E, " -RTlne), that ve discussed Defo-
Te.

The conformstionsl partition function, being the sum
of all the terms appearing in the tabie, may be written
for n-pentane, in the rotationsl isomeric spproximation,
as:

2o = 1 ¢ b0+ 207 ¢ 207
For a linear hydrocarbon of n atows, the number of
terms to be summed, in the approximation ol_ihree rota-
tional isomeric states for each bond, is " , & number
that becomes high very rapidly; therefore the use of a
watriz formulation of the partition fumction is necessa-
ry.

We note that, for the n-butsne, it is possible to
vrite:

1
z -lo!gﬂioﬂlll
1

cont
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"Ur!o er the partaiti unction o n- n h
v t on f
: 1 f Pentane which is

. ent
vriceen oy ol folloving p:o::c:?. table reported mey be

——————e

. zconf "l oo ih 9 o 1
——

| 1 o ow 1

1 ouw o 1

In general for a 1j
; inear hydrocarbon of it i
Posgible to see that the partition func?izsng:: e

zconf = 1 o ¢ 1 o o |{n-4 1
1 o0 ou 1 (35)
l ow o 1

Folyethylene and isotactic polymers(11)

_Whe conformational
leni¢ chain of n atom

resulcs of the previo

———eeeee

iconf = 1 ¢ ¢ 1 o o |n-é 1
1 o ou 1
l guw o 1

Matrix methods,
aclusion that:

partition funcetion o
® may be written,
Us parsgraph:

f a polyethy-
according to the

in the case of n large, bring to the co-

”n
zconl‘ ’\ll (36)

Uher! A I8 the llt [+]
est of L ] i o on n
R rToot th secula equat: (l

the sravioriihe "eiSh:'zelgenvalue) for the matrix of

1 o ¢
1 o suw (37)
l ow o

For i i
lustance, taking u~ 0, the secular equation is:
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{318}
1 0 o=

and the largest root je: A, = (1 « g + JI¢G¢+uzl. -
Matrix methods of the Rind illustrated are the ba-
sia for the evalustion of various thermodynamical pro-
pertiss. For instance, the frequency of occirrence of
pauche ststes in & polyethylenic chain is given by:

- l 31n2 21ni,
!E n alng * Tatno (33)

It E.-E. = 500 cal/mo)l and T = 400 K (about the waiting
tt.pgrltut. of the pdyethylene), that is g = 0.5,f.»401,
Assumption of independence among bond rotations wagld
have given, ss for the case of n-butane, A, = 1¢2g and
the fraccion of gauche bonds, with the sam o value is
fc » 2a/{1+2g) » 50%.

A simplified trestment of the conformstion of iso~-
tactic polymers in solutiow can be made in the following
vay, that we shall discuss for two extrame cases! the
case of polypropylene and that of polystyrens. ¥e start
from the identification of the minimun internal energy

conformations svailable for s piece of a chain of the
kind:

HR HR

In the case of polypropylene, the conformational nap
shows only two minimum internal energy conformations :
TG, ond G T. If these conformations are present in & lo-
ng sequence, they produce a left-handed helix and s i~ °
ght-handed helix respectively {(fig. 9). The perpatuation
of such helicoidal sequences can be interrupted by a pa-.
ir of internal rotation angles (#_ oand 0 ), in two dif-
flreut_unys. if ve go in the sensd from Yhe 1eft to the
right in the chains belov indicated. If wve g0 from a le-
ft-handed to a right-handed helix: (fig. 12)
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....|TG‘|Tc.|TG‘|Ta'|oyTlC_T|C*T|G_T|....

the possiblie minimum energy pairs for the angles p l?d

6 wmay be taken in the rotationsl isomeric spproximation
a$ corresponding appronimately to A,G_ and G A_ confor-

mations, with energy of the order £ = 2.5 kcal/mol, the
corresponding statistical weight be¥ng w = exp (-E /RT).
1f we go from s right-handed to a left~handed heli¥:

cesd|C_T|G_T|G_T|G_ 0 |e,c.|rc+|rc,|rc’|....

the pair 8. 0  may assume the lov energy conformsation
TT. There Is %o increase of the energy at the inversion
of the spiraliration sense and the corresponding statis-
tical weight may be taken as 1 (fig. 13). We can write
now a simpiified wmatrix of statistical weights analogous
to (37), vwritten for polyethylene, but relative to pairs
of bonds. The compacted matrix has the form:

cT| 1 1*
TG" 2w 1
180%
g/
Iy,
0l
ol >5 kcal/mol mu.
-60
-180"
-60° 86 180’
o,

Fig. 12. Conformational energy map for the sequence:
....ITG’|TG+|TB‘|0,T|G_Tlc_rl_...



P. CORRADING, G. GUERRA, AND B, MROZZ|

M
180} /
60
°,
o >S5 kcal/mol m.u,
-60
~180° V|

~ 60"
°, 50 180

Fig. 13. Conformational energy map for the sequence:
....lc_rlc_'rlc_uxle,c‘ t6,l1c,|....

Fig. 14. A wmodel for the chain of isotactic pdypropylens
in solution & or in the melt.
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and for o chain of n monomeric units ith » large:

1 1 In

7 ™ spur

« (1 /T
2w 1

where spur is the sum of diagonal elements.

The fraction of the inversions in the spiralization sen-
se is £ > JIL/(1+/Tu) , and, if T = 450 X, f. = 25 Z.
A resullting model for the chain in solution il indica-
ted in fig. 14.

In the case of isotactic polystyrene or of polyacry-
iates, other effects must be taken into account. In par~-
ticular, together with the conformations TG, and G T,
for a piece of chain of the kind (40), also conformati-
ons near to TT planar are available. Without discussing
the more complicated rotational isomeric model which re-
sult, it is interesting to explain why conformations ne-
ar to the TT planar are possible for polystyrene and mo-
re wnlikely for a polymer such as polypropylene.

Consider a piece of chain in the conformation TT ,
for isotactic polypropylene and for isotactic polysty-
rene, with the bond angles and the relevant distances
indicated in fig. 15; in both we can see that the dis-
tances and hence the interactions energy between late-

-261 A-l .

Fig. 15. Pieces of chains in the conformation TT for:
a) isotactic polypropylene b) isotactic polystyrene
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ral groups are prohibitive. 1f we chan i

s . ge the twe inter-
‘;f‘ rotation angles by as much as 10°, as illus:rate:rin
ig. 16, the increase of the torsion term of the encrey

is very small. But, while in the case of pol i icatd
the distance be:un;n methyl groups is lti‘;l z::::z::::l- o hieric model B potymer a 1h “vatuation o the porti

ly prohibitive, in th : . tional isomeric model to & polymer is the evaluation of the portion
ce refers to 1;:u:.c:.io::.:e::e::lz"z"“e such distan- Je *  of the entropy of melting, which depends on the conformational fre~
"nude"; moreover s good part of th.';e"“_“‘ﬂl which are . edom which the chains acquire in the melt. The conformational con~
the carbon atoms of the phenyl groups (:;':.n“: between . - tribution to the difference in entTopy may be evaluated, again by
staggered in respect to the chain) is lttu:t::ef them oq «  gtandard methods of statistical mechanics, as:
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s e k In + _.T_..- iz_cPL!_ (41)
con{ conf zconf
where 2 on is the conformational partition function, easily evas
luated £h ihe rotational jsomeric spproximation. Some data calcu-
1ated by Tonelli(12) for various polymers are reported in table 7.
a
: Table 7. Comparison betueen the experimentsl entropy of fusion at
constant volume and calculsted conformational contribution to the
entropy of fusion.
Polymer (a8 )
(e.u./mol¥ Bf monomer) cont
Oft—
3.58 & —e Polyethylene 1.7 1.76
Polyoxymethylene 2.8 3.00
Polyoxyethylane 4.22 5.10
1,4-cis-polyisoprene 1,7 5.41
2,96 Amgp ' polyisce '
109.5° 109.5 b 1,4-trans-polyisoprene 5.1 5.47
s / 1 .l--cil-polybutadicm 5.96 5.52
116° !
= \ 1, . Polyethyleneterephthalate B.2 1.5
170° —170° :
170 : Polytetraflucrocthylene 0.76 1.6
' Mylon-6 1.5 1.9

Fig. 16. Piece
conformation t:r:f chains in the nesrly T2 (170%5170%)

a) isotactic polypropylens b) isotactic polystyrene
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