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though this correspondence between the two sets of
results may be coincidental, the fact that both poly-
mers are polar in nature possibly is significant. These
effects of the medium, amounting to 229, in (r2),
for PDMS and 15 to 209, for the sulfone, far exceed
specific solvent effects observed to date for nonpolar
polymers.
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The disparity between (r?), and the result cal-
culated for free rotation is considerably smaller than for
other polymer chains. The effects of hindrances to
free rotation are by no means insignificant, however.
They are discussed in detail in the following paper.
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Configuration of the Poly-(dimethylsiloxane) Chain. III.
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The characteristic ratio (r2)/ni? for poly-(dimethylsiloxane) has been calculated by Ising lattice methods
using the frans-gauche rotational isomeric state model as a convenient device for introducing various bond con-
formations with appropriate statistical weights. Steric interactions between nonbonded atoms must exclude suc-
cessive gauche rotations of opposite sign for the pair of bonds on either side of a silicon atom: coulombic repul-
sions of O atoms may largely suppress the similar conformation about O. Bond rotations cannot, therefore, be
treated as independent. These inferences from the structure of the siloxane chain are confirmed by experi-
mental values of the characteristic ratio. Owing to the inequality of the bond angles ( £0OSiO = 110° and
£8i0Si = 143°), a decrease in the trans population increases {r?),/n/2. Hence, the positive temperature co-
efficient for this ratio denotes a lower energy for the {rans state by ca. 800 cal. mole—!, This energy 1s attributed
to favorable interaction between CHj pairs separated by 3.8 A. in tlie planar (i.e., frans) conformation. The
larger value observed for the ratio in a less polar medium is in the direction predicted for enhanced electro-

static interaction within a chain of partially ionic Si-O bonds.

Bond angles at the oxygen and silicon atoms of the
poly-(dimethylsiloxane) chain differ considerably, as we
have had occasion to point out in a preceding paper.?
Whereas ZO0SiO is approximately tetrahedral, ZSi-
OSi is much larger, being in the neighborhood of 143°.3
It is this alternation in bond angles which marks the
point of departure in the analysis of the spatial con-
figuration of the siloxane chain* from that of other
macromolecules for which successive bond angles are
identical, or virtually so.

The significance of this difference is rendered ap-
parent by considering the all-trans conformation of the
siloxane chain shown by solid lines in Fig. 1 and 2.
Owing to the inequality 8’ < ¢’’, these being the supple-
ments of the bond angles at oxygen and silicon, re-
spectively, the planar conformation generated by as-
signing all bonds to trans rotational “states’ consists of
a succession- of closed figures approximating polygons
(the impossibility of superposition of successive poly-
gons being ignored). This is in sharp contrast to
chains for which ¢’ = ¢’’; their planar conformations
are highly extended, the units being disposed about a
rectilinear axis. Rigid adherence to a unique confor-
mation obviously will not prevail except under special
circumstances such as those imposed by the crystalline
state. Comparison of the two cases considered serves,
however, to indicate the profound difference to be ex-
pected in the dependence of the chain configuration on
Ae/kT, where Ace is the difference in energy between the
nonplanar and the planar bond conformations. Thus
the ratio ({(r?)/n/%*), -~ of the unperturbed mean-
square end-to-end length of the chain to the product of
the number »# of bonds and the square of the bond
length /, taken in the limit # = «, increases without
limit with Ae/k7 for chains having 8’ = §’/. But for
8’ = @'’ this ratio must vanish in the limit Ae/BT =

@ |
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Birshtein, Ptitsyn, and Sokolova! stressed the im-
portance of bond angle alternation on the configura-
tional characteristics of the siloxane chain. Through
misinterpretation of the experimental value of (r?)/
nl?, however, they were led to conclude that a satis-
factory account of experimental results could be
achieved assuming: (a) a threefold rotational hin-
drance potential symmetric about the trans form (¢ =
0), this form being assigned a slightly lower energy than
that of the gauche forms (¢ = £120°); and (b) mutual
independence of the hindrance potentials for neighbor-
ing bonds. Experimental results gathered in the two
preceding papers are irreconcilable with predictions
based on the latter assumption, as we shall have occa-
sion to point out. Moreover, examination of struc-
tural models of the chain shows this assumption to be
untenable. Certain combinations of rotations about
two successive bonds give rise to severe interactions;
hence, the potential hindering rotation about a given
bond must depend on the rotations of its neighbors.
The more elaborate mathematical methods appropriate
to this latter case must therefore be employed for inter-
pretation of the siloxane chain configuration.

In this paper we undertake to interpret the experi-
mental values of the characteristic ratio (r2,/n/?
and its temperature coefficient for the poly-(dimethyl-
siloxane) (PDMS) chain in terms of the rotational
isomeric chain model.>—® Specifically, a threefold po-
tential is assumed, with allowance for interdependence
of neighboring bond rotations as indicated by analysis
of the molecular geometry.

Theoretical Treatment

The Rotational Isomeric State Approximation.—The
barrier height for the potential hindering rotation about
the C—O bond of methanol is 1.07 kcal. mole—!,°*~1! com-
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pared with 2.9 kcal. mole~ for the C~C bond in ethane.
That for the C-Si bond,'!! as manifested in methyl-
and ethylsilane, is 1.5 to 2.0 kcal. mole—'.12 The value
for the Si—O bond is not known with certainty. Scott
and co-workers!® concluded from analysis of thermody-
namic data for hexamethyldisiloxane that the barrier
does not exceed a few hundred cal. mole~!. A barrier
of this magnitude would be too small to justify, literally,
the rotational isomeric state approximation according to
which each bond adopts an angle of rotation close to one
of the three minima in the potential barrier. The siloxane
chain should in fact be represented by a continuum of
rotational states. Therotational potential probably dis-
plays no pronounced maxima other than may occur for
combinations of rotations of successive bonds giving
rise to more or less severe steric conflicts (¢f. following).

These considerations would seem to undermine re-
liance on methods developed®—3 for treating chains com-
prising bonds each of which has access to a finite number
of discrete rotational states. Yet, as a mathematical
device, the continuous distribution over rotational
angles ¢ may be approximated by a distribution over a
discrete set of values of ¢. Let these bes in number.
The structure of the siloxane chain requires that the
set of angles be symmetrically disposed with respect
to the planar, or trans, bond conformation to which we
assign the rotation angle ¢ = 0. The statistical
weights ascribed to these s states must reflect the aver-
aged potentials for the ranges of ¢ which they respec-
tively represent. In effect, the actual potential is re-
placed by an s-fold potential with unequal values at its
various minima. In the special case of equal statis-
tical weights for these s states, the result obtained is
readily shown to be identical with that for free rota-
tion over a continuum of angles. Thus, in this limit-
ing case at least, the discrete rotational state model
yields the correct result.

In the following we explore interpretation of the
siloxane chain configuration in terms of three rotational
states consisting of the frans state ¢ = 0, and two
gauche states at ¢ = £120°. A threefold model has
been chosen partly in deference to convenience, but
also in consideration of the likelihood of smrall potential
minima, of origin similar to those in ethane and other
hydrocarbons, in the neighborhood of these angles.
The choice of 120° is somewhat arbitrary, but not crit-
ical, insofar as the numerical calculations are con-
cerned. The magnitude of interactions between non-
bonded groups considered below depends on the choice
of rotational angle for the gauche states, of course, and
this must be borne in mind.

Structural Dimensions.—For a wide range of silicate
minerals'* Z SiOSi = = — 4’ averages 140.0°; devia-
tions from the average are remarkably small. At the
opposite extreme of relevant structures, Aronson, Lord,
and Robinson® concluded that £SiOSi = 148° in gase-
ous disilane, their result being based on the moment of
inertia about the axis parallel to Si---Si as deduced from
the far-infrared spectrtm. For the hexamethylcyclo-
trisiloxane ring, known to be planar,'® Pyronel®! found
£S8i0Si = 136° (£0.5°) from analysis of the X-ray dif-
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fraction pattern of the crystal.®® The ring undoubt-
edly is strained. This is evidenced by the abmnor-
mally low Z0SiO = 104°,Y from which it may be in-
ferred that the unstrained £ SiOS1 in higher cyclic homo-
logs, and in acyclic analogs, should be at least 140°.
This expectation is borne out by the X-ray crystallo-
graphic investigation of octamethylcyclotetrasiloxane
carried out by Steinfink, Post, and Fankuchen!® who
found £Si0Si = 141.5 to 143.5°. The ring is non-
planar and therefore free of strain. Larsson® found
£ Si108Si = 145° for the analogous cage structure, octa-
(methylsilsesquioxane), consisting of six nonplanar
rings of eight members each.

In light of these results we consider 37° the best value
for 8' (Fig. 1 and 2). Calculations have been per-
formed, however, for other values of 8’ as well (¢f. seq.).
The OSiO angle is universally accepted as approxi-
mately tetrahedral.? Accordingly, we take 8’' = 70°.
Distances between nonbonded atoms and groups have
been calculated for various conformations using? dsi—o
= 1.64 A and dsi-c = 1.90 A.

Statistical Weight Matrices for Bond Rotations.—
In the trans (i.e., planar) conformation depicted by
solid lines in Fig. 1 the distance between methyl groups
attached to neighboring silicon atoms and situated on
the same side of the plane is 3.78 A. This distance is
somewhat less than twice the imfermolecular van der
Waals radius, ca. 2.0 A_, for the methyl group.2!-2? It is
considerably greater than the imframolecular methyl-
methyl distance, 3.04 A, in the gauche conformation of
n-butane for which the repulsive energy is a mere
800 cal. mole™!. Pitzer and Catalano?® estimate the
difference in electron correlation energies for the gauche
and trans conformations of z-butane at —2000 cal
mole-!; the repulsive energy is indicated there-
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fore to be about 2500 to 3000 cal. mole—! (positive).
Without entering into discussion of the reasons for the
empirically evident disparity between the inter- and in-
traimmolecular van der Waals radii, we note that the
magnitude of the correlation energy calculated by
Pitzer and Catalano?® for interactions between atoms
of the methyl groups in the gauche form of butane is
much greater than the energy of attraction, —600 cal.
mole™!, at the minimum in the Lennard-Jones inter-
molecular potential for methane.?' This difference is
consistent with the smaller distances between methyl
groups noted above.

In light of these considerations, an interaction energy
in the range of —500 to — 1000 cal. mole—! (attractive)
could be anticipated for closest pairs of methyl groups
attached to peighboring silicon atoms of the siloxane
chain. Methyl groups situated on opposite sides of
the plane of the chain backbone are 4.88 A. apart, a
distance beyond the range of significant interaction.

Gauche rotations about bond 1-1 and about bond i in
Fig. 1 place the outer Si atoms in positions out of the
plane of these bonds. These positions are indicated by
heavy dashed lines. A rotation about the bond i of Fig.
1 to one of the gauche states with ¢; = £=120° eliminates
one of the two near-neighbor pairs of CH; groups at-
tached to the Si atoms separated by chain bonds i and
i 4+ 1. This pair is replaced by a CHj --O pair at a
similar distance apart (ca. 3.78 A). The interaction
of the latter pair may be presumed negligible at this dis-
tance owing to the smaller domain of the O atom.

As a further consequence of rotation about bond i,
the distance between the oxygen atom on the left and
the silicon atom on the right in Fig. 1 is diminished from
4.32 t0 3.76 A. 1If, on the basis of Liebau’s!* value of
0.37 for the partial ionic character of the Si-O bond,
formal charges of this magnitude are assigned to the
chain atoms and a dielectric constant of 2.5 is assumed,
the change in coulombic energy associated with the in-
dicated decrease in nonbonded Si---O distance is cal-
culated to be around —500 cal. mole—!. This change
in the energy attributable to the polarity of the Si-O
bond may be calculated alternatively as the dif-
ference in dipole—dipole interaction energies for the two
relevant bonds when in the planar and in the gauche
conformations. Taking the Si-O bond dipole moment
to be 2.8 X 10~ e.s.u.,2* which accords very well with
the moment calculated from the degree of ionic char-
acter quoted above, we arrive at approximately the same
result for the energy decrease.

These estimates of the coulombic energy associated
with a gauche rotation are subject to large error. More-
over, the rotation under consideration simultaneously
brings closer together pairs of atoms of /ike polarity
and separated by four (instead of three) bonds. The
energy is thereby increased. We conclude that the
coulombic contribution to the change in energy for a
rotation from trans to gauche probably is negative and
therefore opposite in sign to the increase in energy
predicted for the concurrent elimination of a CHj- - -CHj
close neighbor pair, but that the magnitude of the cou-
lombic contribution is comparatively small.

Pursuant to formulation of matrices by means of
which to generate statistical weights for rotational con-
figurations of the chain as a whole, we consider rota-
tions about the pair of bonds i-1 and i in Fig. 1. For
convenience, bonds i-1 and i are pictured as remaining
i1 the plane of the figure, rotations about them being
accommtodated by displacing adjoining sections of the
chain ont of the plane. Bonds for the planar, all-
trans, conformation are shown by solid lines; the Si-O
bonds of the chain skeleton are represented by heavy
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solid lines, and bonds to the pendant methyl groups
lying above and below the plane of the skeleton by light
solid lines. Gauche rotations about bonds i-1 and i
place the outer Si atoms in Fig. 1 in positions above and
below the plane of these bonds, as indicated by heavy
dashed lines labeled g+ and g—.

We first consider rotational states about bond i when
its predecessor is in the trans (fi—,;) state. Bond i + 1
may, if desired, be regarded tentatively to be trans
also; consequences of rotation from the irans state for
bond i + 1 (Fig. 1) will be dealt with subsequently as
we proceed along the chain from left to right. A (con-
ditional) statistical weight of unity is arbitrarily as-
signed to ¢ preceded by ti—i; i.e., to t in the sequence
ti—iti.  Symmetry requires assignment of equal statis-
tical weights ¢ to the gauche states in the sequences
ti—igtiand ti_,g—;. 'The analysis offered above suggests
a value of ¢ less than unity. Commitment to this con-
jecture is not required, however.

If the bond i — 1isin the g™ state (the consequences
thereof with respect to preceding bonds aud their pen-
dant groups having been taken into account in the
previous step of the analysis), the statistical weight for
gTi—1t should be assigned the same value (unity) as
for #_i#, inasmuch as interactions dependent upon
@i are the same in the two cases. Transition to g*i or
to gi~ eliminates one CHj - -CHj near-neighbor pair, as
previously found for #_;. Simultaneously, the outer
Si atoms of Fig. 1 are placed in close proximity in out-of-
plane gauche positions indicated by dashed lines. In
the former conformation, g+i_g%;, the Si atoms occur
on opposite sides of the plane at a distance of 4.62 A.;
in the latter, g*;_,g7;, they are on the same side of the
plane withds;...s = 4.29 A, Strict adherence to bond
dimensions and rotation angles would place methyl
groups at the uncomfortable distance of 2.77 A. in the
gTi—1g Ti conformation. This conflict is rather easily
alleviated by relaxation of the rigid structural stipula-
tions, however. According to examination of models,
compromise of the two rotation angles (£120°) is par-
ticularly effective in this regard. The severe con-
flicts encountered in the g¥j_;g~; conformation, for
which the Si atoms occur on the same side of the plane,
are not readily alleviated by structural adjustments.
We therefore assign a weight of zero to g*;—,g~, and to
gti—1g7i a weight of o’ which may be less than ¢ to the
extent that conflicts between substituents on the two
Si atoms are effective in suppressing this conforma-
tion.

Symmetry requires corresponding statistical weights
for conformations involving g=i—;. Hence, we arrive

at the matrix
1 a a
U =11 o’ 0 (1)
1 0 o’

for rotations about Si-O bond i, states of O-Si bond
i — 1 being given by row indices and those of i by
column indices.

Turning to bond 1 + 1 of the chain (Fig. 2), consist-
ency with the foregoing account requires a weight of
unity for f#ti+,. Rotations to #4ig™i+, and to fig=i+q
again involve “rupture’” of one nearest Me---Me pair,
and the simultaneous decrease of ds;. ..o for the Sion the
left and the O on the right in Fig. 2. Hence, the appro-
priate statistical weight is ¢ for each of these equivalent
“transitions.”’

If bond i occurs in the g+ state by previous assign-
ment, the number of nearest CH; - -CH; pairs has al-
ready been reduced to oune. (Methyl groups are
omitted in Fig. 2.) A g+ rotation about bond i + 1
eliminates the one remaining CHj- - -CH; pair separated
by bondsiandi + 1, and replacesit by another CHs. ..O
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pair (see above); the oxygen atoms, at positions on op-
posite sides of the plane as shown by dashed lines in
Fig. 2 for gTigTi+1, are well separated by a distance of
4.57 A.—only a little closer than the 5.10 A for gittivi.
The consequences of the g+, assignment appear to be
similar to those for the fg%i+; transition. Hence, we
assign a statistical weight ¢ (not ¢’) to g¥ig*i;1. The
conformation g*ig~i+;, while retaining one CHj --CHjs
pair at close range, reduces the distance between the
outer pair of oxygen atoms in Fig. 2 from 5.10 A. for
gitticy, to 3.69 A for gi+g—i+1, these oxygen atoms then
being on the same side of the plane as indicated by the
appropriate pair of dashed lines in Fig. 2. The esti-
mated increase in coulombic repulsion is of the order of
1000 cal. mole~!, We therefore represent this transi-
tion by a statistical weight 6, which is expected to be
small. The statistical weight matrix for rotations
about O-Si bond i 4 1 therefore takes the form

1 4 a
U'r=1]1 a 8 (2)
1 [ 4

Statistical weights for configurations of the chain as a
whole may be generated by raising the product U'U’’
to a power corresponding to the degree of polymeriza-
tion, and the partition function can be extracted from
this product in the usual manner.?

Formulation of (r2),/n/? for Chains of Alternating
Bonds.—The characteristic ratio of the mean-square
end-to-end length of the chain can be expressed, with
neglect of terms of order 1/#, as

(ro/nl? = 1 + 3 (P’ + P'') (3)
1

where P’ is the statistical mechanical average projec-
tion on an Si-O bond of a unit vector attached to the
kth succeeding bond in the chain, proceeding from left
to right; Py’ is the corresponding average for an O-Si
bond. For the evaluation of these average projections
we employ the methodology for treating the Ising
model® in one dimension as adapted to the treatment of
chain molecule configurations by Lifson,’ Nagai,® Ptitsyn
and Birshtein,” and Hoeve.?

Let a right-handed cartesian coordinate system be de-
fined for each bond i of the chain, with the xi-axis taken
in the direction of the bond and the y;-axis in the plane
of bonds i — 1, and i, its direction forming an acute
angle with bond i — 1. Transformation from the co-
ordinate system i + 1 toiis effected by

cos 6; sin 6; 0
T(6;,¢i) = | sin 8; cos ¢; —cos 6; cos ¢;  sin ¢ (4)
sin 6; sin ¢; —cos 8 sin ¢i  —cCOs ¢

where 6; is the angle between bonds i1 + 1 and i, and ¢;
is the angle of rotation about bond i measured from
the trans (planar) conformation, Further, let 77 =
T(6', ¢') denote the transformation from the reference
frame for an O-Si bond to that for the preceding Si-O
bond; e.g., from the coordinate system for bond i + 1
to that for i in Fig. 1. Similarly, let 77" = T°@®"', ¢'')
represent transformation from the reference frame af-
fixed in the foregoing manner to an Si-O bond to its
predecessor in the chain, ¢’’ being the angle of rotation
about the latter (e.g., about bond i + 1 or bond i — 1
in Fig. 1).

By successive applications of these transformations, a
bond may be projected on its kth predecessor, as re-
%uired for evaluation of Py’ and Pi’’. If, for example,

is odd

1
Py = [100)(T'T" 141+« Thax—1) [8] (5)

(25) H. A. Kramers and G. H. Wannier, Phys, Rev., 60, 252 (1941); G.F.
Newell and E. W, Montroll, Rev. b od. Phys., 28, 353 (1953).
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where the required average of the matrix product, in-
dicated by angle brackets, is to be taken over all con-
figurations of the chain.

Following the procedures of Lifson® and Nagai,® we
define matrices U’ and U’/ of order (3s, 3s) as the direct
products of the identity matrix E of order 3 with U’
and U’’, respectively. Thus

U0 0
0 U0 (6)
0 0 U

where O denotes the nullmatrix of order s. Let#/i;.1« t/ijss
represent values of element ij of matrix 7’ for the re-
spective rotational states ¢;’- - -¢s’, and let the diagonal
matrix comprising these elements be denoted by Tj;’.
Finally, let these matrices supply the elements for the
matrix

U =EXU =

T = |7l (7)
of order (3s, 3s). The matrix T’ is analogously de-
fined. With these definitions the required statistical
mechanical average in eq. 5is given by®—8.2
(TY/T" sy Tlirk—) = BUTU/T )& D20 T/U" AN—*—1

(8)
where A and B of order (3s, 3) and (3, 3s), respectively,
are defined as follows in terms of the mutually nor-
malized eigencolumn 4 and eigenrow B of U'U’’ cor-
responding to the largest eigenvalue A% of U’ U"’

A=EXA B=EXB 9)
the X sign signifying the direct product asabove. Cor-

responding expressions for averages of the various ma-
trix products yield

Py’ = B,SEHIT//—14;
Py’ — BIT/Si— 1A, 2 k odd
(10)
Pk’ = BISkAl k
Py’ = B,T/S¥T/' 1A, €ven
where
S2 = UT'U/'T" /A2 (11)

and A, and B; are the column (3s, 1) and row (1, 3s)

vectors
1 A
A)=A|0]| = 0}
0 0

B;,=B [l 0 0]

Thus, Ay is the vector comprising the column of ele-
ments a; - - - as of 4 followed by 2s zeros, and B, is cor-
respondingly constituted in row form from the elemnents
of B

Insertion of these results in eq. 3 yields

(ro/nl? = By (E+ T") 3 (SH™(E + ST ~1)As

m =0

where E is the identity matrix of order 3s. Thus

(r%o/nl? = By(E + T"')}(E — S2)"YE + ST""1)A; (12)
or, by rearrangement

(r9o/nl? = By(8? + T"")(E — S)~YE + T'""HA, (12)
These alternative expressions for a chain of alternating
bonds may be shown to be equivalent to Hoeve's re-
sult® obtained using a different, but related, matrix

scheme.
In the special case

U=U"=U (13)
eq. 12 simplifies to
(ro/nl* = ByE + T")}E — S2)"YE + T")A, (14)

If the rotational potential for each bond is independ-
ent of the rotational states of its neighbors, the matrix
U may be replaced by a vector of a priori statistical
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Fig. 3.—The characteristic ratio as a function of —In ¢ for
various angles §’; other parameters as indicated. The dotted

curve is calculated for independent bond rotations (eq. 16 and
17) and ¢’ = 37°, 8" = 70°,

weights, the transformation matrices 7 may be aver-
aged independently, and the averages of matrix prod-
ucts required for evaluation of the Py’s (see eq. 5) can
be replaced by products of averages, e.g.

1
P =110 0]<Ti()(T”i+l>‘"(T(i+k—l>{8:]

Substituting the appropriate P¢’s in this form in eq. 3
as before, we find

(ro/ni2 = [1 0 0][(E + 1
(T"E — (I"XT'")"YE + (T [8} (15)

The condition expressed by eq. 13 is necessarily ful-
filled in this case. If the potential is symmetric about
¢ = 0, then (sin ¢) = 0, and expansion of eq. 15 yields
(r%/nlt = (1 4+ 221 +’ cos 6')(1 + cos 6”')
(1 + 72)(1 — cos 8’ cos 8’") — 2y sin 8’ sin 6/
(16)

where 7 = (cos ¢). This relationship was first de-
rived by Birshtein, Ptitsyn, and Sokolova.* If the po-
tential may be represented by three states consisting
of the trans with ¢ = 0 and two gauche states at ¢ =
+27/3, then

n=(1—9)/(1 4+ 20) (17)

where o, in accordance with its usage above, is the sta-
tistical weight of each gauche state relative to a weight
of unity for the trans state. For free rotation, n = 0
and eq. 16 reduces to the equation previously given for
this case.?®

Numerical Results

The characteristic ratio {r%}/nl?, calculated in the
limit of large » according to equations given above,”
is presented in Fig. 3, 4, and 5 as a function of the sta-
tistical weight ¢ of a gauche state (relative to a weight of
unity for the trans) for various values of other param-

(26) P. J. Flory, *'Principles of Polymer Chemistry,”’ Cornell University
Press, Ithaca, N. Y., 1953.

(27) We are indebted to the Stanford Computation Center for use of its

facilities. The assistance of P, Balestra in programming the calculations is
also acknowledged with gratitude.
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Fig. 4.—The effect of relaxing suppression of g=g™ bond pairs
about oxygen, as achieved by rendering 6 > 0.

The abscissa of each graph is logarithmic in
the reciprocal of ¢. A threefold potential with gauche
statesat ¢ = =+27/3 is assumed throughout. The sup-
plement of the bond angle '’ at the Si atom has been
taken to be 70° in all calculations. Curves for vari-
ous values of the corresponding angle 9’ at the O atoms
are shown in Fig. 3. Curves in other graphs explore
the effects of variously weighting the interdependence
of neighboring gauche rotational states in light of struc-
tural considerations discussed earlier in this paper.

The simplest case is that of independent bonds, such
that a gauche state for any given bond is assigned the
same weight o irrespective of the states of its neighbors.
Calculations in this approximation, carried out ac-
cording to eq. 16 and 17 with 8’ = 37°, are represented
by the dotted curve in Fig. 3. The characteristic ratio
increases from 3.32 for In ¢ = 0, corresponding to free
rotation, to a maximum value of 5.28, and then decreases
toward zero with further decrease in o. Calculations
not included here show the curve to be fairly insensitive
to variations in 8’ over the range 35 to 50°.

Even at the maximum in the dotted curve, {r%)/
nl? falls below the experimental value® of 6.3. This
simplest description miay therefore be rejected on ex-
perimental grounds. It may be rejected with equal
cause on the basis of structural-geometric considera-
tions, presented earlier, which disclose the untenability
of assuming bond rotations to be independent. Never-
theless, the dotted curve to the right of the maximum
reveals the basis for a positive temperature coefficient
for (r?),. This follows at once from the increase in
the ratio with ¢ in this range, together with the virtual
certainty that o, if less than unity, must increase with
temperature.

The case considered above corresponds to

i a a
U( —_ U(/ —_ 1 o o
1 a a

(28) V. Crescenzi and P. J. Flory, J. Am. Chem. Soc., 86, 141 (1964).

eters.



Jan. 20, 1964

Choice of ¢’ = cineq. 1 for U andof § = Oineq. 2 for
U’ results in identical statistical weight matrices U’
and U’/ which differ from that above by replacement
of the 2,3 and 3,2 elements by zeros, thus eliminating
gg— and g—g* pairs about both O and Si. Calcula-
tions carried out on this basis are shown in Fig. 3 for
various angles 8’. Over the range of small —In ¢, the
curves are raised markedly by presence of zero elements
in the U matrices. As —In ¢ increases, however,
(r®)/nl* converges with results calculated for inde-
pendent rotations, as is illustrated by the §’ = 37°
curve. This is an obvious consequence of the low in-
cidence of gauche states when —In ¢ is large; pairs of
gauche neighbors then seldom occur irrespective of the
statistical weights assigned to pair sequences.

Trends of the curves with 8’ are interesting, but
scarcely significant within the allowable range of ¢’ for
the siloxane chain. A minimum and a maximum
appear for 8’ > ca. 40°, and these become more pro-
nounced as #’ increases. For all 8’ 5 8"’ the curves con-
verge to zero for large —In ¢, as required by the con-
siderations presented in the Introduction. For 8’ =
8’’ = 70°, however, the ratio diverges with —In o, as
obviously it must.

The curve for 8’ = 37° in Fig. 3 approximates the
experimental (r%),/n/? in the vicinity of —In ¢ = L.
The downward slope with —In ¢ denotes a strong posi-
tive temperature coefficient for (r2),, in accordance with
experimental observations.>?® This assertion depends
however on the sign of —In ¢. For —In ¢ < 0, the
slope of the 8’ = 37° curve remains negative, but o,
being greater than unity, should then decrease with
temperature. Hence, if ¢ exceeded unity, i.e., if the
gauche states were favored, then the curve in question
would lead one to predict a negative temperature coef-
ficient for (7%, contrary to experiment.>® Thus,
the sign observed for the temperature coefficient pro-
vides compelling evidence that the trans state is favored
over the gauche, i.e., that ¢ < 1. This assertion is not
contingent on the value assigned to §’, as examination
of curves in Fig. 3 for other angles shows.

The effect of relaxing the exclusion of g*gT pairs
about the O atom (but not about the Si atom) is ex-
amined in Fig. 4 where calculations are shown for § > 0,
the conditions ¢’ = ¢ and §’ = 37° being retained. A
pronounced decrease in {r?)/nl® with increase in §
is evident, even for small values of §. This result ac-
cords with expectation inasmuch as an increase in §
corresponds to revision in the direction of the trans-
gauche model with independent bond rotations (dotted
curve in Fig. 3).

The effect of suppressing gTg* and g=g~ pairs about
Si, accomplished by making ¢’ < ¢, is shown in Fig. 5.
In the region of interest, 7.e.,, for —In ¢ > 0, the dis-
placement of the curvesis quite small.®® This being the
case, we may without hazarding serious error take ¢’ =
o for the following analysis of the temperature coef-
ficient.

N Let us assume that ¢ and 6 can be expressed simply
y

exp(— A&s /kT) (18)
exp( — A€s/kT) (18)

a

8

(29) A. Ciferri, Trans. Faraday Soc., 87, 846, 853 (1981).

(30) The insensitivity of (r’)o/ﬂ” to ¢’/o may be rationalized as fol-
lows. TFirst, we note that whereas the characteristic ratio is decreased by
diminishing the proportion of gauche states through reduction of o, it is in-
creased by suppressing g=#g= pairs. Such pairs represent compact con-
formations, as inspection of models shows; hence, the net effect of their
elimination is an increase in (r’)o/nl? The g¥g* and g—g~ pairs, on
the other hand, appear to be less compact; hence the effect of enhancement
of the trans population accompanying their suppression prevails by a small
margin.
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Fig. 5—The effect of suppressing g*g* and g~g~ bond pairs
about silicon through choice of ¢/ < 0.

where Ae, is the energy of a gauche state relative to a

trams, and Ae; is the energy associated with a g*g~ pair

about 0. It follows that

dln (r/dT = —(1/T)[ln o(d In (r2/d1n o) +
Iné(d1n{r?,/d1ns)] (19)

Temperature coefficients may be estimated using this
equation, from the calculated curves presented in Fig.
4. For this purpose, we adopt the experimental value
6.3 for {r?y/ni?® in methyl ethyl ketone and other ©-
solvents having a cohesive energy density greater than
that of the polymer,? and the required derivatives are
determined for this value of the ordinate in Fig. 4. Re-
sults thus obtained for several values of § are summa-
rized in Table I. The values of ¢ required for (r?),/
nl* = 6.3 according to the curves in Fig. 4 are given in
the second column. The third column of figures has
been calculated from the slopes of these curves at the
specified points. The fourth column has been calcu-
lated for different 6 at the specified 0. The temperature
coefficient calculated for § = 0 is twice that observed.
Agreement with experiment may be achieved, how-
ever, by assigning ¢ a small, nonzero value. By inter-
polations of results in Table I, the best fit is secured for
o = 0.286 and 6 = 0.06. Corresponding conforma-
tional energies are Ae, = 850 cal. mole™! and Ae =
1900 cal. mole~!.

TaBLE 1
CALCULATIONS OF THE TEMPERATURE COEFFICIENT OF (r’)o
9" = 37°, T = 343°K., ¢/ = o, (r%)/nl? = 6.3

d In(r2)e/dT

5 o d21n (rHo/dIn ¢ d1n (r2)o/d1n & X 103, deg.™!
0.00 0.249 0.391 0 1.58
.05 .281 .333 —0.0397 0.88
.07¢ .295 .310 — .0556 .67
.10 .320 .270 — .0952 .26

Observed? .75
¢ Curve not included in Fig. 4.

The substantially larger value of 7.7 found in the pre-
ceding paper® for (r%)/ni? in the fluorinated solvent
mixture of low cohesive energy density requires an even
smaller § (== 0) and a larger ¢ =< 0.5 to 0.6, according to
the curves shown in Fig. 4. The temperature coef-
ficient of (r?), being unknown for this medium,
unique assignment of parameters is impossible.
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Discussion

The model and approximations are obviously too
crude to lend significance to exact values of parameters
deduced above and to support quantitative interpreta-
tions of the interactious they represent. Several im-
portant conclusions of a qualitative nature find solid
basis nevertheless in the comparison of calculations with
experiment.

The inadequacy of the independent bond approxima-
tion has been demonstrated through its failure to ac-
count for values for (r?),/n/? as large as observed.
Exclusion of g£gT neighbor pairs about both Si and O
raises this ratio into the range of the experimental re-
sults. The positive temperature coefficient admits
of explanation only by assignment of ¢ < 1. Com-
plete exclusion of all g£¢g¥ sequences tends to over-esti-
mate either the temperature coefficient or the magnitude
{r¥/nl®. Guided by structural considerations, we
achieve a more refined agreement with experiment by
relaxing the exclusion of such sequences about O (but
not about Si), adopting § 2 0.06 to this end.

The main conclusions, namely, that g=g¥ sequences
are largely suppressed and that the frans state is pre-
ferred over the gauche (¢ < 1), are firmly established
by the foregoing analysis. The calculations in support
of these conclusions are insensitive to minor changes in
8’ or other structural parameters. The idealization
implicit in the model whereby discrete rotational states
are substituted for averages over ranges of angle may
distort the calculations in detail, but could scarcely af-
fect our principal conclusions to a significant degree.
The former of these conclusions finds independent basis
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in the structure. The latter confirms that nonbonded
methyl groups attract at a distance of about 3.8 A.;
no other grounds for the preference of the trans state
over the gauche is apparent.

A value of Ae, in the range 500 to 1000 cal. mole—! ac-
cords with structural considerations presented earlier.
According to the numerical calculations (Table I),
Aes == 2000 cal. mole—!, which is twice the estimate for
this quantity on the basis of coulombic repulsion be-
tween oxygen atoms. The sensitivity of numerical
calculations (Fig. 4) to the value of § suggests that this
parameter (and therefore Aes also) is subject to greater
error than is ¢ from idealizations underlying the calcula-
tions. The discrepancy is well within the limits of
error in either the model or in the experimental results.

If the suppression of g=gT sequences about O is indeed
to be accounted for by coulombic repulsions, a decrease
in the polarity of the medium should further diminish’
6. To the extent that ¢ also is influenced by electro-
static effects associated with the slightly closer proxim-
ity of the pairs of atoms, Si and O, separated by three
bonds in the chain (see above), it should increase with
decrease in polarity of the medium. Both changes
should increase (r?)/nl®>. Results for the fluoro-
carbon mixture,® in which (r%),/n/* was found to be
7.7, are qualitatively in accord with this deduction.

A satisfactory account of the spatial configurations
of the siloxane chain in terms of structural considera-
tions appears to have been achieved.
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LIII. Hydrogen Bonding and

Dielectric Properties in Chloroform Mixtures'?

By ARTHUR A. ANTONY? AND CHARLES P. SMYTH
RECEIVED JULY 12, 1963

Dielectric constant and loss measurements are reported on mixtures of chloroform with cyclohexane, di-

oxane, and diazabicyclo[2.2.2)octane, and of trichlorofluoromethane with dioxane. t
Dipole moments are calculated for chloroform—dioxane
Viscosities, densities, and refractive indices of the four series of mixtures are also reported. The

culate relaxation times and distribution functions.
mixtures.

The data are used to cal-

relaxation times are compared with those previously obtained in other solvents and interpreted in terms of

hydrogen bonds between chloroform and the various proton acceptors.

Trichlorofluoromethane is discussed

because of its similarity to chloroform in size and shape and its inability to hydrogen bond. Two relaxation times
are obtained for the chloroform-diazabicyclo[2.2.2]octane mixtures, one of which is attributed to chloroform
rotation, the other to rotation of the complex formed between chloroform and the amine,

This work was undertaken in order to study the effect
of hydrogen bonding on dielectric relaxation processes in
simple systems. Chloroform was selected because it
was expected to behave as a rigid, nearly spherical
molecule with a dipole moment of 1.1 D. in solu-
tion.* The dielectric relaxation of trichlorofluorometh-
ane was also studied because this is a compound
similar to chloroform in its molecular shape, but in-
capable of forming hydrogen bonds by proton donation.

Experimental Methods

Purification of Materials.—The chloroform used was washed
with concentrated sulfuric acid, then with distilled water, and

(1) This research was supported by the Office of Naval Research. Repro-
duction, translation, use, or disposal in whole or in part by or for the United
States Government is permitted.

(2) This paper represents part of the work submitted by A. A, Antony to
the Graduate School of Princeton University in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

(3) Allied Chemical Fellow, 1961-1962; Woodrow Wilson Fellow 1959—
1960.

(4) A. NX. Campbell, E. M. Kartzmark, and H. Triesen, Can. J. Chem.,
89, 735 (1961).

then was distilled from phosphorus pentoxide. Trichlorofluoro-
methane obtained from Matheson Coleman and Bell was fraction-
ally distilled. The dioxane was distilled from sodium, and its
purity verified by measuring the static dielectric constant at
25°.  Cyclohexane purchased from Matheson Coleman and Bell
was used without further purification. Diazabicyclo[2.2.2]octane
obtained from Aldrich Chemical Co. was recrystallized from
ether; m.p. 157-158°.

Apparatus.—Dielectric constants and losses were measured by
methods previously described.®*™® Viscosity measurements were
made with an Ostwald viscometer, calibrated with distilled
water and benzene.

Experimental Results

Calculations of the dielectric constants and l_osses for
the high-loss solutions were made with the aid of an

(5) H. L. Laquer and C. P. Smyth, J. Am. Chem. Soc., 70, 4097
(194R).

(6) L. M. Kushner and C. P. Smyth, ¢bid., 71, 1401 (1949).

(7) W. M. Heston, Jr., A, D. Franklin, E. J. Hennelly, and C. P. Smyth,
ibid., 72, 3443 (1950).

(8) F. H. Branin and C. P. Smyth, J. Chem. Phys., 30, 1121 (1952).

(9) W. M. Heston, Jr., E. J. Hennelly, and C. P. Smyth, J. Am. Chem.
Soc., 70, 4093 (1948).



