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ABSTRACT: A diamond-lattice model and Monte-Carlo methods are used to simulate cyclization of hydrocarbon
chains up to 30 carbons in length attached to a bulky aromatic chromophore. The chromophore is modeled in the lat-
tice by specifying as occupied those sites which best resemble its geometry. Cyclization is detected at a site adjacent
to the chromophore (called the “reactive volume”’) somewhat remote from where the chain is attached. Furthermore,
a chain which has any element in the reactive volume is deemed as cyclized. These choices simulate intramolecular
photohydrogen abstraction reactions in n-alkyl esters of benzophenone 4-carboxylate. Partition functions are calcu-
lated separately for both cyclized and all chains. Their ratio, the cyclization probability P, is estimated at several
temperatures for real hydrocarbon chains (E; = E + 500 cal/mol) and for hypothetical chains biased to favor gauche
rotamers (Eg = Eyand Eg = E; — 500 cal/mol). For the system under consideration, cyclization probability is relative-
ly insensitive to extremes of temperature and to the statistical weights given gauche rotamers in the chain.

When a hydrocarbon chain is attached to a large bulky
chromophore certain regions of space are no longer accessible
to the chain. The substituent excludes a volume of space that
would be available to an unsubstituted chain, and this steric
effect must manifest itself in the conformational properties
of the chain. One might imagine that various conformational
properties of the chain might be differently sensitive to the
presence of the chromophores. One might speculate that chain
properties sensitive primarily to more extended chain con-
figurations, like the mean-squared end-to-end distance! {r2)
and higher even moments of r, might be relatively insensitive
to the chromophore. On the other hand, chain properties more
sensitive to compact configurations (cyclization, the persis-
tence vector? a, and inverse moments3 of r) might be much
more sensitive both to the presence and the nature of the
terminal substituent.

Cyclization probability? should be the conformational
property of flexible chains most sensitive to interactions be-
tween remote chain elements and to substituents attached to
the chain. There is chemical evidence from the early work of
Carothers, Ziegler, and others on medium size ring formation
(10 to 16 carbons) that transannular interactions between CHo
groups affect cyclization of the chain termini.? On the other
hand, the presence of oxygens or sp? carbons in the chain
mitigate some of these remote interactions, and the odd—even
alternating effect in those particular cyclization reactions
disappears. We are interested in determining what factors
affect the cyclization of hydrocarbon chains.

In this paper, we explore aspects of cyclization of hydro-
carbon chains substituted at one end by a bulky planar chro-
mophore. The approach taken is that of conformational cal-
culations based upon a model which allows the bulk of the
terminal substituent to be accomodated and which also ex-
cludes chain configurations in which one element of the chain
would interfere sterically with a second element of the chain.
Thus, within the context of the model, excluded volume
considerations are taken into account.
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We conceptualize the problem in I. The bulky substituent
is indicated, and C; serves as a convenient origin for our
coordinate system. Since, experimentally, cyclization is de-
tected by chemical reactions, we call the volume (labeled F)
in which one would detect cyclization the “reactive volume”.
In a simple polymer not appended to a substituent, the reac-
tive volume would be adjacent to C;.

One can consider three kinds of cyclization probability for
chains attached to a substituent. (i) One could focus on the
probability that the chain terminus, the methyl group n, oc-
cupies the volume of space designated to imply cyclization (F
in I); (ii) one could consider the probability P; , that the ith
CH, group in an n-carbon chain occupied that volume; or (iii)
one could consider the sum of probabilities P, = =;P; , that
any chain element occupied the volume F.

In this paper, we describe the effects of chain length, tem-
perature, and the gauche-trans rotational energy difference
on those kinds of cyclization probability described by (ii) and
(iii). Our choice is based upon the availability of experimental
evidence closely related to P; , and P,.® These form a basis
from which predictions of our model may be evaluated.

The model involves random walks on a tetrahedral lattice
with second neighbor exclusions. Monte-Carlo techniques
coupled with the sampling method of Rosenbluth and
Rosenbluth? are used to compute averaged properties of the
chains. The terminal substituent is accomodated by assigning
as occupied those lattice sites which best describe its geometry.
Certain lattice sites are chosen to simulate the reactive volume
F in 1. Chains passing through this volume are counted as
cyclized chains. Properties of cyclized chains are compared
with those of all chains. Values of P;,, and P, are obtained
from the appropriate estimated partition functions.

Similar models have been used by Smith® and by Bothorel®
to calculate various properties of the n-alkanes. Smith used
exact enumeration methods to evaluate selected properties
of hydrocarbon chains up to 18 carbons and Monte-Carlo
techniques to examine longer chains.® Several authors!0-14
have used off-lattice methods to explore properties of these
chains. Sisido focused on cyclization probability for chains up
to 16 carbons and demonstrated the importance of taking
account of excluded volume in evaluating cyclization proba-
bilities. With the exception of the very sophisticated model
of Lal and Spencer,12 these calculations considered threefold
rotational states about carbon-carbon bonds. The degree to
which predictions of such models differ for such short chains
from predictions based upon diamond lattice models is not
known. The major difference between the models is the dis-
tortion of the CCC bond angle from 112 to 109.5° on the lat-
tice.

© 1978 American Chemical Society
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The molecules we consider are the n-alkyl esters of benzo-
phenon 4-carboxylate, 1. The intramolecular photochemistry
of these molecules has been studied in some detail in our la-
boratory.6b-15 Rate constants k,, were obtained with high
precision for the intramolecular hydrogen abstraction reaction
1 — 2, a process involving cyclization of the chain to occupy
the reactive volume in 1*. P,, cannot be obtained directly from
these results. Rather, we compared values of &, , with that of
ks, the rate constant for the corresponding bimolecular hy-
drogen abstraction reaction. The ratio (k,n/k2 = Ces), the
effective concentration,!® has units of molarity. It is propor-
tional to P, and can be related to P, if reasonable assumptions
are made about the size of the reactive volume in 1*. When
these assumptions are made, the similarity between experi-
mental values of Ceer and those calculated from P, is quite
good.1> Thus the model has had some success at simulating
experimental phenomena.

Methodology and Semiempirical Considerations

(a) Structural Parameters. To describe the hydrocarbon
chains, we examined self-avoiding walks on a diamond lattice
with second-neighbor exclusions. Some structural parameters
(the bond angle  between successive CHs units and the ro-
tational angle ¢) are dictated by the lattice. Others were in-
troduced empirically: the C-C bond length ! and the energy
difference Eg = E, — E; for gauche and trans rotamers of the
chain. Successive gauche bonds of the opposite sense are
prohibited by the second-neighbor exclusion feature of the
random walks. Following Flory,2 we used a value of 500 cal/
mol for Eg.

The ester group in the substituent is known to be planar.

Steric and dipolar effects keep it in the trans configuration.

Thus, only that configuration is considered in this work (see
Figure 1). The asymmetry of the benzoyl group in the sub-
stituent gives rise to two rotamers about the ester group of
virtually identical energy. These place the chain bearing
oxygen either syn or anti to the ketone carbonyl in the sub-
stituent. We generate equal numbers of chains from the syn
and anti ester groups and weight them equally in all calcula-
tions.
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Figure 1. Diamond-lattice model of benzophenone 4-COj-
(CHg),,—1CHjs showing the first three carbons of the n-alkyl ester. The
benzophenone rings and the ester group are coplanar. The two ro-
tamers of the ester group are designated syn or anti with respect to
the keto oxygen, and the ester is in the trans configuration. Equal
numbers of chains are grown from each rotamer. The first three car-
bons in the chain are labeled Cy, Cg, C3. The circles (0) indicate pos-
sible loci for Cy4. The sites designated (@) represent the three inner
hit sites; those designated (®) represent the seven outer hit sites. If
any of these sites are occupied by an H from a CHs group, that chain
is counted as in a reactive (hitting) conformation.

The addition of a bulky substituent to one end of the chain
changes the rotational energy potentials of the first three
methylene groups from those of an unsubstituted polymeth-
ylene chain. The ester group plays the major role in these
changes.

Flory has examined the relative energies of the rotamers
about the 0-CHj; bond in his work on poly(ethylene tereph-
thalate).18 Gauche rotamers place the second methylene group
2.83 A from the carbonyl oxygen, within the sum of their re-
spective van der Waals radii (rcyg, +ro) = 1.7+ 1.5=3.2 A).
Flory calculates that there are 400 cal of extra energy, relative
to the trans orientation, associated with these rotamers. The
uncertainty of the calculation, and the convenience of treating
this interaction in a manner similar to gauche methylenes
within unsubstituted polymethylene chains, has led us to
assign Eg = 500 cal/mol to these gauche rotamers.

The interactions of a methylene group and an ether oxygen,
separated by three bonds, have been examined by Mark in his
studies of poly(ethylene oxide) and poly(tetramethylene
oxide).19:20 In a detailed analysis of these chains, he assigned
a stabilization energy to the gauche rotamers of 200 cal/mol,
relative to a methylene group oriented trans. He suggests that
this is a result of small coulombic interactions between the
methylene group and the oxygen, separated by 2.9 A. Steric
repulsions, he postulates, are unimportant at this distance.
Comparison of his theoretical work with experiment suggests
that gauche and trans rotamers could be isoenergetic (i.e., E,
= —200 + 200 cal). Since, experimentally, polyoxyalkanes are
not as well understood as polymethylene chains, the present
work assigns gauche and trans states of this step equal sta-
tistical weights.

Certain conformations about bonds (i), (i + 1), and (i + 2)
place C(4)H; of the chain rather close to the ester oxygen to
which C(1)Hs of the chain is attached. In these conformations,
the bonds (i + 1) and (i + 2) are g¥g™. Mark has analyzed an
identical geometry in poly(tetramethylene oxide).!® He sug-
gested that these conformations are destabilized by an addi-
tional 340 £ 250 cal/mol. Because of the large uncertainty in
this value,?0 we choose for simplicity to assign 500 cal/mol to
each gauche conformation in the sequence.

(b) The Chains and the Substituent. A diamond lattice
is not an ideal framework for simulating the bulk of a planar
chromophore; nevertheless, by designating as occupied those
vertices which best correspond to the shape of the chromo-
phore, one can map out a region of space similar in shape to
that of the substituent under consideration. In this work,
benzophenone 4-carboxylate could be simulated by dicyclo-
hexyl ketone 4-carboxylate, in which only the equitorial hy-
drogens were kept in the lattice model, Figure 1. Space-filling
models show a remarkable similarity in the shapes of the
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Table I
Cyclization Probability P,V vs. Chain Length¢ (Inner Hits)

Chain E <E,bT= B, <E,T=

length —20°C 25°C E =E;c 25°C —T75 °( -128°C
12 4.89 (£0.23) 4.50 (£0.20) 1.82 (+0.01) 0.39 (£0.01) 0.15 (£0.01} 0.04
14 10.17 (£0.41) 9.66 (£0.33) 6.17 (£0.10) 2.86 (£0.06) 175 (£0.06) 0.97 (£0.07)
16 12.87 (£0.55) 13.00 (+£0.43) 10.66 (£0.13) 6.17 (£0.11) 4.15 (£0.12) 2.41 (£0.13)
18 15.99 (£0.85) 16.60 (£0.63) 15.76 (£0.17) 11.26 (£0.18) 9.86 {£0.28) 6.31 (£0.39)
20 20.02 (£1.13) 20.76 (£0.86) 20.73 (£0.21) 16.70 (£0.26) 14,25 (4:0.45) 11.04 (£0.75)
22 23.11 (£1.42) 24.04 (£1.06) 25.20 (£0.25) 22.30 (£0.35) 21,34 {40 &6} 21.05 (£1.52)
24 26.14 (£1.81) 27.00 (£1.34) 28.98 (£0.28) 26.21 (£0.41) 24.49 (£0.93) 20.26 (£1.75)
26 33.45 (£3.87) 32.66 (£2.58) 32.35 (£0.30) 30.09 (£0.40) 26.73 (£0.95) 20.41 (£1.82)
28 38.73 (£6.03) 36.58 (£3.62) 35.29 (+£0.33) 33.89 (£0.47) 30,09 {£1.00) 22.62 (£1.89)
30 37.37 (£7.05) 36.21 (+4.29) 35.98 (£0.35) 34.56 (£0.49) 3043 (£1.07) 21.49 (+£1.95)

@ Values X104; parentheses contain error estimates, reported as 2¢. ® Values reported are: Z (hitting chains)/Z (all chains); AE =
0.5 or —0.5 keal/mol. ¢ For E; = E,, values reported are also equal to (estimated number of hitting chains)/(estimated number of all

chains).
Table II
Cyclization Probability P, vs. Chain Lengthe (Outer Hits)

Chain E(<E,bT= E <E NPT =

length —-20°C 25°C E;= 25°C -75°C —128°C
11 1.41 (£0.05) 1.44 (£0.05) 1.34 (£0.03) 1.03 (£0.02) 0.90 {£0.02) 0.79 (£0.03)
13 2.93 (£0.10) 3.05 (£0.08) 2.93 (£0.04) 2.09 (£0.03) 1.65 (£0.03) 1.25 (£0.05)
15 4.17 (£0.15) 4.41 (£0.12) 4.59 (£0.05) 3.61 (£0.04) 3.00 (&0 05) 2.35 (£0.08)
17 5.08 (£0.18) 5.50 (£0.186) 6.27 (+0.06) 5.34 (£0.06) 4.66 (£9.06) 3.96 {£0.18)
19 6.01 (£0.25) 6.47 (£0.20) 7.67 (£0.06) 7.03 (£0.07) 6.53 (£0.16) 6.12 (£0.36)
21 6.60 (£0.30) 7.17 (£0.24) 8.92 (£0.08) 8.57 (£0.10) 3.20 (£0.22) 7.62 (£0.48)
23 7.56 (£0.55) 8.07 (£0.36) 9.95 (£0.08) 9.84 (+£0.10) 8,38 (£0.25) 8.36 (£0.50)
25 8.41 (£0.55) 8.93 (£0.40) 10.86 (+£0.08) 10.95 (£0.11) 10.22 (£0.24) 3.24 {+£0.52)
27 9.09 (£0.70) 9.53 (£0.52) 11.66 (£0.09) 11.88 (£0.13) 11.30 (£0.30) 9.76 (£0.64)
29 9.32 (£0.98) 9.96 (+0.78) 12.37 (£0.10) 12.79 (£0.14) 12.31 (+0.35) 10.52 (£0.80)

@ Values X103; parentheses contain error estimates, reported as 2¢. ® Values reported are: Z (hitting chains)/Z (all chains); AE =
0.5 or ~0.5 kcal/mol. ¢ For E; = E,, values reported are also equal to (estimated number of hitting chains)/(estimated number of all

chains).

chromophore and its model.?!

Chains were grown stepwise from the ester oxygen as indi-
cated in Figure 1. C; was placed in the trans geometry with
respect to the ester. Co was placed at random in one of the
three lattice sites adjacent to C;. The remaining valences on
C; were then designated as occupied by hydrogens. C3 was
then added at random to one of the lattice sites adjacent to Cs;
then its valences were completed with the addition of hydro-
gens. In this manner, chains were grown up to 30 carbons.?!
To sample all chains attached to the substituent, two samples
of 180 000 chains were grown. One sample was grown from the
syn conformation of the ester and the other was grown from
the anti conformation. In addition, separate samples of nearly
400 000 chains were grown with a pseudopotentional impor-
tance sampling technique?! to generate 60 000 cyclized chains
from each conformer of the ester.

Chains were grown with the probability of choosing a
gauche step, pg, equal to py, that of choosing a trans step.
Under these conditions, E; = Ey. The coordinates of each
carbon and its step weight were stored on magnetic tape. Real
temperatures were introduced into the calculations by re-
weighting gauche vectors by a factor of exp(—500/RT).
Monte-Carlo methods were used to estimate properties of the
chains. Details of the calculation of the standard deviation in
P, are described in the Appendix.

(c) Detecting Cyclization. Figure 1 shows the lattice
representation of the substituent from which samples of
chains were grown. Cyclization was detected by identifying
those chains which had an H from a CHy group occupy one of
the lattice sites designated as reactive. We call those sites “hit
sites” and the chains which pass through them “hitting

chains”. Ten such sites are indicated in Figure 1. These sur-
round the ketone carbonyl oxygen. Because only even-mem-
bered rings may be formed on a tetrahedral lattice, we could
count separately those chains that occupy one of the three hit
sites adjacent to the reactive cxygen from those that occupy
the outer tier of seven hit sites. By comparing the partition
functions of chains passing through the inner hit sites with
those passing through the latier, outer, hit sites, we get some
indication of the sensitivity of eyclization to the size of the
volume designated as reactive.

Results and Discussicn

In the photochemical 1eactions of i, hydrogen abstraction
can be detected only at the CH; groups in the chain; the
methyl groups are negligibly reactive. Therefore, we define
the cumulative cyclization probability P, as the sum of cy-
clization probabilities P; ,, for each of the (n -- 1) CHy groups
in the chain. We can consider two classes of cyclized chains.
For those that have an H from a CHj; group occupying one of
the three lattice sites adjacent to the reactive oxygen hit at the
“Inner hit sites”, we denote the cvclization probability of these
chains as P, . For those that have a methylene hydrogen
occupying one of the adjacent tier of seven lattice sites, the
“outer hit sites”, we denote the cyclization probability as P, (@),
When we wish to consider the partition function for the sep-
arate classes of chains which ocrupy the inner or outer hit
sites, we shall use the superscript forms Z,® and Z,(9), re-
spectively.

The cyclization probability is equal to the ratic of partition
functions for cyclized chains and all chains. In the special case
that E, = E\, the partition funciions become simply the
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Figure 2. The chain length dependence of the cyclization probability
P, ® at the inner hit sites for n-alkyl esters of benzophenone 4-car-
boxylate: (A) E; = Eg; (0) Eg = E + 500 cal/mol, 25 °C; (0) Eg = E;
— 500 cal/mol, 25 °C. The error bars represent two standard devia-
tions.

number of conformations accessible to any class of chains.

In our calculations, the energy differences between gauche
and trans rotamers (Eg = E; — E;) were taken to be 0, £500
cal/mol. When E¢ = 0, one examines the consequences of
second-neighbor avoiding walks on the tetrahedral lattice.
When Eg = +500 cal/mol, one simulates real hydrocarbon
chains. At the other extreme, when Eg = —500 cal/mol, one
explores a hypothetical situation. By favoring gauche rotamers
in this way, one gains some insight into the property of hy-
drocarbon chains distorted from their natural conformation.
One also explores the sensitivity of chain properties to drastic
differences in simulated conditions.

(a) Cumulative Cyclization Probability. Tables I and
II compile estimated P,, values for several temperatures as a
function of chain length. Included are results from chain
samples reweighted to favor trans (E; < E;) and gauche ro-
tamers (E; < Ey) and from unreweighted chain samples, where
neither rotamer is favored (E; = Ej).

The P, values in Table I are based on hits at the three
inner hit sites; P, values in Table II represent hits at the
seven outer hit sites. The brackets beneath each estimate
contain the associated standard deviation values. Estimates
of P,, from the reweighted samples have much larger standard
deviation values than those of the unreweighted samples.
Increases in the deviation values correspond to the degree of
reweighting in the sample.

Values of P, (® are significantly larger, per site, than values
of P, ). While we did not count hitting chains separately at
each site, values of P,(® are larger than %3 P, by as much as
40%. This result implies that there is a nonuniform probability
of finding CHj; groups occupying inner and outer hit sites. An
effect, probably steric in origin, limits the number of ways a
chain can approach close to the reactive carbonyl oxygen.
There are a greater number of ways in which it can approach
the outer hit sites.

As we shall emphasize below, the major feature of the data

Macromolecules
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Figure 3. The chain length dependence of cyclization probability
P, at the outer hit sites for (A) Ey = Eg; (O) E,; = E¢ + 500 cal/mol,
25 °C, and (0) —20 °C.
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Figure 4. The chain lengt'h dependence of cyclization probability
P, (©) at the outer hit sites under the hypothetical conditions that E,
= E, — 500 cal/mol: (a) 25 °C, (O) =75 °C, (0) —128 °C.

in Tables I and II is the relative insensitivity of the cyclization
probability to drastic changes in temperature or assumed
values of Eq. For example, for realistic chains cyclizing at the
inner hit sites, a change of temperature from infinity, where
E, = E4, to —20 °C causes noticeable changes in P, only for
rather short chains. Somewhat larger changes occur for hits
at the outer hit sites, but these, too, are small. The largest
changes in P, are still less than 40%. They occur for the hy-
pothetical chains whose gauche rotamers are favored by 0.5
kecal/mol and only then at very low temperatures.

In Figure 2, the cumulative cyclization probability P, is
plotted against chain length for three conditions: Eg = E; +
500 cal/mol at 25 °C, E, = Eyand Eg = E; — 500 cal/mol at 25
°C. These are chains for which cyclization is detected at the
inner hit sites. The insensitivity of P, to such extremes of
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Table III

Internal Distribution of Hits within Hitting Chains (Inner Hits)
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16-Carbon chains

20-Carbon chains

Hit site Hit site
Weighting 11 13 15 Weighting 11 13 15 17 19
Ei{<E.* 22.4% 34.2 43.5 E.<Eg 15.3 20.1 174 20.2 27.3
T =25°C (£1.7) (£2.2) (£2.4) T=25°C (£1.9) (£2.0) (£1.3) (£1.6) (£2.4)
Ei=E, 12.0 32.1 55.9 Ei=E; 6.2 16.0 19.1 22.9 35.8
(:£0.45) (£0.80 (£1.2) (£0.25) (£0.40) (£0.45) (£0.50) (£0.80)
E,<E:* 4.7 29.8 65.5 E;<E; 1.6 10.9 17.2 24.8 45.6
T=25°C (:£0.18) (£1.0) (£1.8) T =25°C (£0.08) (£0.40) (£0.60) (£0.80) (£1.3)
28-Carbon chains
Hit Site
Weighting 11 13 15 17 19 21 23 25 27
E. < Eg 8.3 14.4 8.8 12.1 10.6 10.1 8.1 11.9 15.4
T=25°C (:£2.6) (£3.8) (£1.2) (£1.6) (£1.7) (£2.3) (£1.5) (£5.5) (£5.9)
Ei=E; 3.6 9.2 10.7 13.4 13.6 12.8 11.5 10.2 15.1
(:£0.17) (£0.30) (£0.30) (£0.35) (£0.34) (£0.38) (£0.35) (£0.30) (£0.40)
E,<Eq 0.8 5.2 8.2 11,5 14.0 15.0 13.1 12.8 19.4
T=25°C (£0.05) (£0.20) (£0.30) (£0.40)  (£0.50) (£0.60) (£0.50) (£0.45) (£0.80)

@ AE = +0.5 or —0.5 keal/mol. ® Percent hits at each site; parentheses contain error estimates, reported as 2.
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Figure 5. The chain length dependence of the cyclization probability
P, at the inner hit sites for the hypothetical conditions E; = E, —
500 cal/mol: (O) =75 °C, (0) =128 °C, (A) E; = E,.

conditions was very surprising to us. Since P, = Z,W/Z,,
these results require that the partition functions Z ) and Z,
have very similar dependence on Eg and temperature.

Values of P, (@ for chains passing through the outer hit sites
are plotted vs. chain length in Figures 3 and 4. The former
graph describes cyclization of realistic chains (E, = E; + 500
cal/mol) at 25 and —20 °C and compares them to chains in
which gauche and trans rotamers are equally weighted (E, =
E,). Cyclization probability is modestly sensitive to changes
in temperature. A decrease in temperature from «(E, = E)
to 25 °C causes a 18 to 20% decrease in P, ©),

When the chains are reweighted to favor strongly the gauche
rotamers, the cumulative cyclization probability decreases and
the shapes of the P, vs. chain length plots change markedly.
The changes are more modest at the outer hit sites, Figure 4,
than at the inner hit sites, Figure 5. In both cases, the curves
become sigmoidal functions of chain length. The sudden in-

crease in P, with n, observed at carbons 11 and 12 when E,
= E, is shifted to longer n when E; < E;. The effect is even
more pronounced at lower temperatures where the gauche
rotamers have large statistical weights. Under these condi-
tions, chains with large fractions of gauche bonds count
heavily in the estimation of the partition functions Z, and
VA

It is the Z, term which is more affected by the reweighting.
Chains which have large fractions of gauche bonds find rela-
tively few pathways to reach the volume of space at which
cyclization is detected. For chains longer than 21 carbons,
cyclization is possible, but it does not increase as rapidly with
chain length as it would for chains with larger fractions of
trans bonds.

It appears that chains with large fractions of gauche bonds
are directed into the space away from the chromophore. They
must follow rather circuitous pathways in order to reach the
reactive volume and not interfere sterically with the chro-
mophore itself.

(b) Internal Distribution of Hits within Chains, Within
each chain of n carbons, each of the (n = 1) CHjy groups is
capable of reacting chemically with the photoexcited ketone
carbonyl oxygen in 1. Correspondingly, P;, describes the
probability that the ith CHs group in an n carbon chain has
an H in the reactive volume in 1. Analyses of these P; , values
provide further insights into cyclization processes of the
chain.

We focus on the inner hit sites and consider the three ex-
tremes of conditions: E; = E; + 500, E; = E;,and E; = E, —
500 cal/mol. The internal distributions of hits for three rep-
resentative chain lengths, 16-, 20-, and 28-carbon chains, are
shown in Table III. As in the case of P, estimates, there are
substantial increases in standard deviations for reweighted
samples.

The relative probabilities of cyclization for each CH; group
are presented graphically for 16-carbon chains in Figure 6 and
for 20- and 28-carbon chains in Figure 7. The distribution of
hitting carbons is narrow for 16-carbon chains and very broad
for 28-carbon chains. For real chains (E, > E;), two maxima
appear in the plots of P; , vs. carbon number for chains of 20
or more carbons. One occurs in the middle of the chain, near
C-13, its exact position depending upon temperature. The
other maximum occurs near the chain end. This maximum,
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Figure 6. Relative distribution of hits among the carbons of a 16-
carbon chain attached to the benzophenone 4-carboxylate substituent.
Cyclization is detected at the inner hit sites in the model. Hits at the
chain end, Cyg, are not counted: (a) Ey = Eg; (O) Eg = E¢ + 500 cal/
mo), 25 °C; (0) Eg = E. — 500 cal/mol, 25 °C.

which represents some kind of end-of-chain effect, appears
in plots of P; ,, vs. n for all chain lengths regardiess of whether
Eg is greater than or less than E;. Its magnitude does depend
upon temperature and the value of E¢.

Real chains at 25 °C, weighted to favor trans bonds, show
alarger percentage of hits at low carbon number than chains
weighted to favor gauche rotamers. The latter show pro-
nounced increases in the fraction of hits which occur at higher
carbon number. Thus chains which undergo cyclization at low
carbon number appear to have a larger fraction of trans bonds
than chains which cyclize at high carbon number. Chains with
large fractions of gauche rotamers have few hits at carbons 11
and 13 but show increasing amounts of cyclization further
along the chain.

(¢) Fraction of Gauche Bonds. In order to pinpoint the
peculiar behavior of the hydrocarbon chains in the model
toward cyclization, we have examined the number of gauche
bonds in all chains and in various subclasses of cyclized chains.
In counting gauche bonds, we neglected the rotational state
of the bond between C; and Cg, since this bond was not re-
weighted by exp(£500/RT) in the above calculations. For
convenience, we define (G, ),® and (G, ), to be the average
number of gauche bonds in hitting chains of length n, oc-
cupying inner and cuter hit sites, respectively. Similarly,
(Gp)¢is the weighted average of gauche bonds in the sample
of all chains of length n.

Table IV gives (G, ) ¥ and (G, ), values for n = 16, 20,
24, and 28 carbons, as a function of hit site and chain origin
(i.e., syn or anti oxygen (see Figure 1)). The brackets beneath
the chain length values contain for comparison the corre-
sponding (G, ). value for the sample of all chains of that
length.

In general, (G, ), values increase as the reaction site oc-
curs closer to the chain end. This is particularly true for chains
of 16 and 20 carbons. Longer chains (24 and 28 carbons) also
show this increase in (G, ). values for sites up to C(20).
Beyond C(20), however, the value of (G, ), becomes ap-
proximately independent of hit site. This constant value for
(Gr)oW is larger by about 0.3 gauche bonds than the corre-
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Figure 7. Relative distribution of hits among the carbons of (a) 20-
carbon and (b) 28-carbon esters of benzophenone 4-carboxylate.
Cyclization is detected at the inner hit sites, and hits at the chain ends
are not counted. Symbols are as indicated for Figure 6.

sponding (G, )¢ value for the sample of all chains.

The (G, ),V values for chains hitting at C(11), C(13), and
C(15), on the other hand, are 1.5 to 0.1 gauche bonds lower
than the (G, ) value. On the average, chains which hit at the
first possible site [C(11) for chains grown from the syn oxygen,
and C(13) for those grown from the anti oxygen] have ap-
proximately 1.5 fewer gauche bonds than are found in the
sample of all chains. Thus the shortest path to the carbonyl
oxygen from the ester group requires about two extra trans
bonds than are found, on the average, for chains sampling all
space. This difference rapidly disappears with increasing hit
site number.

In order to assess the importance of the rotational state of
the C(2)-C(3) bond on cyclization, a separate estimate was
made, including in the tabulation all gauche bonds in the
chain. The results are shown in Table V for hitting chains, and
in the brackets of Table V data for all chains.

Irrespective of chain length, the (G, ), values for chains
registering hits at C(11), C(13), and C(15) increase by almost
exactly one bond when the rotational state of the C(2)-C(3)
bond is included. This is also true for (G, ), values for
chains registering outer hits at C(10) and C(12). Chains hitting
at sites near the first hit site require the third step to be
gauche.

There is no such restriction, however, for inner hitting
chains registering hits beyond C(17), or for outer hitting chains
with hit sites beyond C(14). These chains show increases in
{Gn) o' and (G, ), values which are very similar to the in-
creases in (G, ) values for the sample of all chains (approxi-
mately 0.6 gauche bonds).

The effect of reweighting on the cumulative cyclization
probability P, is the sum of reweighting effects on P; ,,. Inner
hitting chains of fewer than 20 carbons have (G, ), values
which are smaller than the corresponding (G, )+ value for the
sample of all chains of the same length. Reweighting in favor
of trans bonds, therefore, increases P, © for these chains. This
effect is soon overcome for longer chains, since (G, )@ values
associated with hit sites near the chain end are larger than
{Gr)+. The overall effect of reweighting on P, for inner hitting
chains is small (Figures 2 and 5).
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Reweighting effects on P, for outer hitting chains are
modestly different (Figures 3 and 4). Short chains have hit
sites with (G, ), values slightly below the corresponding
{Gn)y value. P,© values are virtually unaffected by rew-
eighting. Longer chains contain increasingly more hit sites
with (Gp) o values slightly larger than the (G, ) value. Thus
reweighting in favor of trans bonds depresses the P, values
from those of the unreweighted sample for these chains.
Reweighting in favor of gauche bonds compensates for the
effect of early hit sites and P, values remain unchanged except
for extreme reweighting.

Conclusions

Vast changes in temperature or in the value of Eg have
relatively small affects on cyclization of the hydrocarbon chain
in the model. This insensitivity to changes in exp(~Eg/RT)
derives from the similar fraction of gauche bonds in both cy-
clized chains and all chains attached to the chromophore.
Thus while the partition functions for cyclized chains and all
chains are sensitive to the value of exp(—Eg/RT), their ratio
is not. Changes in cyclization probability become apparent
only for extreme reweighting of the calculations to favor
gauche or trans bonds.

Two factors affect cyclization of the chains into the reactive
volume. The first is the bulk of the chromophore. Chains
shorter than 11 carbons (outer hit sites) and 12 carbons (inner
hit sites) are too short for cyclization to be detected. The large
increase in cyclization probability with chain length for chains
of 11 to 25 carbons is due to the increased number of pathways
by which the chain can reach the reactive volume without
encountering the chromophore.

The second factor is more subtle. For chains with large
fractions of gauche bonds, cyclization is difficult. To cyclize
at low carbon number, chains must have a substantial fraction
of trans bonds, more than half. Consequently, short chains
with large fractions of gauche bonds cannot reach the reactive
volume. For chains longer than 20 carbons, this restriction
disappears. Cyclization is still difficult, however. Even for 30
carbon chains hitting near the chain end, cyclization is favored
for chains with equal numbers of gauche and trans rotam-
ers.

One interesting result of the calculation is the discovery that
chains which hit at low carbon number require the bond be-
tween carbons 2 and 3 to be in the gauche conformation.

Acknowledgment. The authors wish to thank the National
Research Council of Canada and the Research Corporation
for their generous financial support.

Appendix

The coefficient of variation in P, (CV(P,)) is obtained from
the coefficients of variation for Z, and Z according to eq 1,
where CV((Z,)) = [6({Z:))/(Z)] X 100%, and CV({ZT))is
similarly defined. The term ({Z,, }) is the standard deviation
in the estimated partition function Z, and (Zr) is that for Z.
The standard deviation for the partition functions?? of the
total ensemble of chains is given by (2), where N is the sample
size, W; is the weight given to the i’th chain in the sample, and
W is obtained from (3).

CV(P,) = [CV2((Z0)) + CV2((Z7))]2 1)
o((Z1) = [% S - W>2]”2 @
i=1
— 1N
W==3% W; (3)
=1

Calculation of the coefficient of variation for estimates of
the partition functions of hitting chains is more complicated.

Macromolecules

Consider generating only a sample of M, cyclized chains. Each
chain in this sample has a probability p;” and a corresponding
weight W, such that

Py = 11 Prj’ (4)
E=1
Wy = (Pt (5)

where p;’ is the probability of choosing the k’th step of the j’th
chain,

Now consider this sample as part of the larger sample M of
all chains. The cyclized chains now have a second set of
probabilities P; and weights W; associated with them. The {
subscript denotes the different numbering of these chains
within the larger sample. The P; for each cyclized chain is
related to the P;’ for the chain by a factor which reflects the
frequency of choosing a cyclized chain from among the sample
of all chains: P; = (Mo/M)P;’ and W; = (M/M,)W;'.

The partition function for cyclized chains can be estimated
by eq 6, and the variance associated with the estimate, eq 7,
may be expanded to yield (8).

— 1 M,
<Zo> = Wo _EJ=1 Wj (6)
(2o = — 52wy - W,
var({Z, —Moj=1( = W) )]
1 M, 1 M, 2
= — N2 . N
var((2o)) = 3= 3 (W) <M0J-§1 W) ®

The variance can also be expressed in terms of the weights of
the cyclized chains within the larger sample, where 6, = 1 if
the chain appears in the sample of cyclized chains and is zero

otherwise.
1 M /M 2 MMM 2
7)) = — <—°W5> -<— —-—°W5>
varl{Zo)) = 3= 3 (7 Wi M=
M. M 1 M 2
=225 w2 —<— W) (9
21§1 e M1§1 ll) ®)
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ABSTRACT: A direct 3C NMR quantitative method is presented for measuring ethylene—propylene mole fractions
and methylene number average sequence lengths in ethylene—propylene copolymers. In contrast to previous studies,
the polymer is viewed as a succession of methylene and methyl-branched methine carbons as opposed to a succession
of ethylene and propylene units. Problems associated with propylene inversion and comonomer sequence assign-
ments are avoided. A methylene sequence distribution from one to six and longer consecutive methylene carbons is
given for five different ethylene-propylene copolymers and can be used to distinguish copolymers which have either

random, blocked, or alternating comonomer sequences.

Carbon-13 NMR has been used successfully to measure
comonomer distributions and number average sequence
lengths in copolymers. Unlike connecting monomer units give
resonances which can be distinguished from those from like
connecting units. This result leads to comonomer distributions
normally described as dyads or triads of connecting monomer
units and to number average sequence lengths for runs of like
monomer additions. Analyses of 13C NMR copolymer spectra
for sequence distributions can be complicated if monomer unit
inversion is present or if one of the monomer units can exist
in more than a single configuration,

Ethylene-propylene copolymers are an example of a system
where the propylene units may be inverted! and also exist
as either meso or racemic pairs.>4 From a structural viewpoint,
these systems may be considered terpolymers when inversion
is present.? In analyses of sequence distributions, one cus-
tomarily divides the polymer conceptually into a succession
of ethylene and propylene units. Difficulties arise with pro-
pylene unit inversion because the comonomer succession
cannot be uniquely described. For example, consider the fol-
lowing structural entities where an ethylene unit is denoted
by an E and a propylene unit is denoted by either P or P de-
pending upon whether the sequence is “tail-to-head” or
“head-to-tail”, respectively. Note that the presence of an even
number of methylene carbons between methine carbons in-
dicates the presence of propylene inversion; however, a unique
structural entity such as the methine-methylene-meth-
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vlene-methine carbon sequence cannot be described by a
single succession of ethylene and propylene units.

Carman, Harrington, and Wilkes® approached the problem
of monomer unit inversion by identifying each structural se-
quence observed by 13C NMR and considering all possible
ethylene-propylene sequential assighments. Each resonance
intensity was described by a linear combination of contrib-
uting species of ethylene and propylene units. Carman and
co-workers then assumed first-order Markovian behavior and
defined the concentration of each ethylene-propylene se-
quence by an appropriate set of transition probabilities. The
entire 13C NMR spectrum was used as a data set for obtaining
values for the transition probabilities via a linear regression
analysis. A complete structural determination was obtained
in the form of sequence distributions, reactivity ratios, and
quantitative estimates of propylene inversion.

The method used by Carman et al.? is not a direct mea-
surement of the comonomer distribution but depends upon
both the quality of the first-order Markov fit and the likeli-
hood of the copolymer conforming to first-order Markov
statistics. Although the latter assumption is reasonable, a more
direct approach may be desirable for routine applications.
However, the information offered by a direct analysis is lim-
ited primarily to sequence distributions as pointed out earlier
by Carman and Wilkes.! The purpose of this study is to offer
a method where the ethylene/propylene ratic and number
average sequence lengths are determined directly and inde-
pendently of propylene inversion or conformity to any par-
ticular statistical behavior.

Experimental Section

A series of five commercial ethylene-propylene copolymers are
examined in this study. Copolymers A, B, and E are from Exxon, C
is from Copolymer Corp. and D is from Uniroyal. The 13C NMR
spectra were recorded at 256 MHz and 125 °C on a Varian XL-100
NMR spectrometer equipped with a Varian 16K, FT-100 pulsed
Fourier transform system and disk accessory. Instrument conditions
were: pulse angle, 90°; pulse delay, 9.7 s; acquisition time, 1.5 s; and
sweep width, 5000 Hz. No special precautions were made with respect
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